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Processes for Stereoselective enzymatic conversion of cer 
tain keto carboxylic acid derivatives to form the correspond 
ing alkylamino acid compounds are described. The inven 
tion also concerns an engineered yeast host cell containing 
recombinant nucleic acid capable of expressing a phenyla 
lanine dehydrogenase, as well as an engineered host cell 
containing recombinant nucleic acid capable of expressing a 
phenylalanine dehydrogenase enzyme and nucleic acid 
capable of expressing a formate dehydrogenase enzyme. 

14 Claims, 6 Drawing Sheets 



U.S. Patent Oct. 22, 2002 Sheet 1 of 6 US 6,468,781 B1 

Bpu1102 (267) 
BamH (319) 
Xho (324) 
Nde I(351) 
Nco (589) 

Xba (428) 
Bgl (494) 
SESE EoN R4) 

Drd II(939) 

EcoR I(5706) 
Aat I(5635) (2) 

Sca (51.93) M 
Pvu (5083) 

) 

Mlu I(1216) 
Bcl (1230) 
BstE II(1397) 
Bmg (1425) 
Apa (1427) 

AlwN I(4236) 

Bssh II(1627) 
HpaI(1722) 

BspLU11 (3820 BsoX (1875) 
Sop (3704 

Bist110 3:6 PshA (2061) 
Acc (3590) BsaA (3572) Eag (2284) 

Nru (2319) Tth111 (3565) BspM (2399) 
BSm (2704 Bpu10 (2926) MSc RSS ) 

FIG, 

  

  

  

  

  

  

  

  



U.S. Patent Oct. 22, 2002 Sheet 2 of 6 US 6,468,781 B1 

EcoR (4338) 
Pvu I(5954) Bpu1102 (458) 
S. BamH (510) Ssp (3879 de (550 Sma (3828) Nde (550) Xba (588) 

Bso (613) 
Bgl II(646) 
Sgra (687) 
Sph (843) 
Sal (928) 
Hinc II(930) 
PshA (993) 

PfI11OB (1038) 

Xho (3852) 

HgIE (3338) 
Eco57 (3500) 

AlwN (3,168) Eag (1216) 
ApaB (1331) 

Bs (2926) BapM (1331) 
Afi III(2782) 

BsplU11 (2752) 
BsrB (2685) 
Sap (2656) 
Bst1107 (2523) 

BsaA (2504) 
Tth111 (2497) 

Bab (2488) 
Pvu II(2543) 
Xmn (2910) 

Mac (1723) 
Bag (1912) 

FIG, 2 

  

  

  



U.S. Patent Oct. 22, 2002 Sheet 3 of 6 US 6,468,781 B1 

was o s 

g - E is . . . . b 3,555 5g myc epitope (His)6 

Born H 

e 
pPICZA,B,C, &y 

3.5 kb A. 
Bg || 

FIG, 3 



U.S. Patent Oct. 22, 2002 Sheet 4 of 6 US 6,468,781 B1 

Bom 1S 
(938) 

g 
58.39 

(1) SOC ( ) 
3' AOX1 (TT BG II GS 

So I 

pPIC9K 
9.3 kb 

"Y 
FIG, 4 



U.S. Patent Oct. 22, 2002 Sheet S of 6 US 6,468,781 B1 

ana- -o a. 

(g - E is . (Y { 3 zig. 555 5- myC epitope (His)6 

Bom 

& 

pGAPZA,B,C, ty 

2.9 kb A. 
Bgll 

FIG, 5 



U.S. Patent Oct. 22, 2002 Sheet 6 of 6 US 6,468,781 B1 

Sful 
ECOR 
Pm 
Sf 
BSnB 
Asp7181 
Kpni 
Xhol 
Soc 

AVril 191 

del. 5' AOX1 

5' AOX1 

FIG, 6 

  

  

    

  



US 6,468,781 B1 
1 

STEREOSELECTIVE REDUCTIVE 
AMINATION OF KETONES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This is a divisional application of Ser. No. 09/350,428 
filed Jul. 8, 1999 now U.S. Pat. No. 6,140,088, Oct. 31, 
2000, which is related to provisional application Ser. No. 
60/092,935 filed Jul. 15, 1998. 

FIELD OF INVENTION 

The present invention concerns a Stereoselective enzy- 15 
matic reductive amination process. 

BACKGROUND OF THE INVENTION 

Rob1 in U.S. Pat. No. 5,508,272 disclose compounds of 20 
the formula 

Y 

(CH2) Y 
25 

A 
H O COOR 

3O 
wherein A is 

R2-S-(CH2) C-C- V 35 
R12 R1 

as possessing neutral endopeptidase and angiotensin con 
Verting enzyme inhibition activity. Among these compounds 
is 4S-4W(R*), 7W, 10a-octahydro-4-(2-mercapto-1- 
oxo-3-phenylpropyl)amino-5-oxo-7H-pyrido 2,1-b1,3 
thiazepine-7-carboxylic acid which is currently undergoing 
clinical evaluation. 

40 

Rob1 discloses that the amino lactam portion of this 45 
compound, i.e., the intermediate 

S 

50 

-N 
C 

HN 
O COOCH, 

55 
can be prepared by coupling an alkyl ester compound Such 
as (S)-2-amino-6,6-dimethoxyhexanoic acid methyl ester 
with the N-protected amino acid 

-, 60 
(CH2)2 
V 

P-N-CH-COOH 

65 

wherein P is an amino protecting group and P is a Sulfur 
protecting group to give the dipeptide of the formula 

2 

i- isoch 
(CH2)2 (CH2)3 
V Y 

P-N-CH-C-N-CH-COOCH, 

O H 

Removal of the P protecting group, followed by acid 
catalyzed cyclization, and removal of the P protecting 
group gives4S-(4W, 7W, 10a)-octahydro-4-amino-5-oxo 
7H-pyrido 2,1-b1,3thiazepine-7-carboxylic acid, methyl 
eSter. 

Rob 1 disclose S preparing (S)-2-amino-6, 6 
dialkoxyhexanoic acid, alkyl ester, Such as (S)-2-amino-6, 
6-dimethoxyhexanoic acid, methyl ester, by converting 
N-protected L-Y-hydroxynorleucine to its methyl ester, oxi 
dizing to a corresponding aldehyde, Such as of the formula 

i-o 
(CH2)3 
V 

P-N-CH-COOCH, 

then reacting with trimethyl orthoformate in the presence of 
a strong acid catalyst, and removing the P protecting group 

SUMMARY OF THE INVENTION 

The present invention provides a process for the Stereo 
Selective enzymatic conversion of certain keto carboxylic 
acid derivatives to form the corresponding alkylamino acid 
compounds. The amino compounds prepared by the enzy 
matic process of the invention can be conveniently con 
Verted to the corresponding (S)-2-amino-6, 6 
dialkoxyhexanoic acid, alkyl ester or Stable Salts of Such 
compounds Such as phosphate, oxalate or bis Salt with a 
compound Such as (N-(trifluoroacetyl)-L-homocysteine, 
(1-> 1)-disulfide. 

More specifically, the present invention is directed to a 
process for preparing an alkylamino acid compound of the 
formula (formula I) 

HN COOR 

wherein R is hydrogen or a monovalent cation or a C-C1s 
alkyl (preferably C1-Co alkyl, more preferably lower 
alkyl), R is a moiety of the formula 

-O 
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a moiety of the formula 

wherein each R is a C-Cls alkyl (preferably C-Clio alkyl, 
more preferably lower alkyl); or a moiety of the formula 

O R4 

O 

wherein each R" is H or R comprising contacting an 
alkylketo compound of the formula (formula II) 

I 
R2 

O COOR 

wherein R is as defined above, and R' is as defined above, 
with an amino acid dehydrogenase in the presence of 
ammonia and a co-factor under conditions Suitable for 
formation of the compound of formula I. 

The present invention also concerns an engineered yeast 
host cell containing recombinant nucleic acid capable of 
expressing a phenylalanine dehydrogenase enzyme and 
endogenous or recombinant nucleic acid capable of express 
ing a formate dehydrogenase enzyme. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1. Plasmid pT-15b. The sequence is numbered by 
the pBR322 convention. Sequence landmarks include T7 
promoter at 453-469. T7 transcription start at 452; His Tag 
coding sequence at 362-380. T7 terminator at 213-259; 
pBR322 origin at 3882; and bla coding sequence at 
4643-55OO. 

FIG. 2. Plasmid pET-9b. 
FIG. 3. Plasmid PPICZA,B,C. Features include 5' AOX1 

promoter region at 1-942; 5' end of AOX1 mRNA at 824; 5' 
AOX1 priming site at 855-875; Multiple cloning site at 
932-1011; myc epitope tag at 1012-1044; polyhistidine tag 
at 1057-1077; 3' AOX priming site at 1160–1180; 3' end of 
mRNA at 1251. AOX1 transcription termination region at 
1078-1419; fragment containing TEF1 promoter at 
1420–1831; EM7 promoter at 1832–1899; Sh ble ORF at 
1900-2274, CYC1 transcription termination region at 
2275-2592; ColE1 origin at 2603–3276. 

FIG. 4. Plasmid pPIC9k. Features include 5' AOX1 pro 
moter fragment at 1-948; 5' AOX1 primer site at 855-875; 
alpha-factor Secretion signal(s) at 949-1218; alpha-factor 
primer site at 1152–1172. Multiple cloning site at 
1192–1241; 3' AOX1 primer site at 1327–1347; 3' AOX1 
transcription termination region at 1253-1586, HIS4 ORF at 
4514-1980; kanamycin resistance gene at 5743–4928; 3 
AOX1 fragment at 6122-6879; ColE1 origin at 7961-7288; 
ampicillin resistance gene at 8966-8106. 

FIG. 5. Plasmid pCAPZ A,B,C. Features include GAP 
promoter region at 1-483; pGAP forward priming Site at 
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4 
455-476. Multiple cloning site at 484-563; myc epitope tag 
at 564-593; polyhistidine tag at 609-626; 3' AOX1 priming 
site at 711–731; AOX1 transcription termination region at 
630-970; fragment containing TEF1 promoter at 971-1381; 
EM7 promoter at 1382–1449; Sh ble ORF at 1450–1824; 
CYC1 transcription termination region at 1825-2142; 
ColE1 origin at 2153–2826. 

FIG. 6. Plasmid pGAPk has a 546 base pair (bp) Bgl 
II/Not fragment from pCAPZ containing the GAP promoter 
and the Multiple Cloning Site cloned into 8980 bp BamHI/ 
NotI fragment of pPIC9k. 

DETAILED DESCRIPTION OF THE 
INVENTION 

In the above formulas the monovalent cation can be, for 
example, lithium, potassium, Sodium, ammonium, and the 
like. It is preferred that R is hydrogen, ammonium, lithium, 
or potassium; and that R is a dioxolane moiety of the 
formula 

O O 

It is also preferred that R is lower alkyl, especially methyl. 
The most preferred reductive amination process of the 

invention comprises the conversion of 5-(1,3-dioxolan-2- 
yl)-2-oxo-pentanoic acid to 5-(1,3-dioxolan-2-yl)-2S 
amino-pentanoic acid (L-alysine ethylene acetal) by reduc 
tive amination which is depicted below: 

O) 
O 

amino acid dehydrogenase 
NH 
NADH 

O COOR1 

I) 
O 

HN COOR 

wherein R' is hydrogen or lithium. 
The term “alkyl” or “alk” as used herein alone or as a part 

of another group, denotes Such optionally Substituted, but 
preferably unsubstituted, Straight and branched chain Satu 
rated hydrocarbon groups, preferably having 1 to 10 carbons 
in the normal chain. Exemplary unsubstituted Such groups 
include methyl, ethyl, propyl, isopropyl, n-butyl, iso-butyl, 
t-butyl, pentyl, hexyl, isohexyl, heptyl, 4,4-dimethyl, pentyl, 
octyl, 2,2,4-trimethylpentyl, nonyl, decyl and the like. The 
alkyl groups may be Substituted by appropriate Substituents 
providing compounds Suitable for use in the present inven 
tion. Exemplary Substituents of the alkyl group include one 
or more, preferably three or fewer, chloro groups, bromo 
groups, or iodo groups. 
The term “lower alkyl” as used herein denotes alkyl 

groups having 1 to 3 carbon atoms. 
The reductive amination process of the present invention 

has the advantage of producing an enantiospecific result. 
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The process primarily yields the Senantiomer rather than a 
racemic mixture of preferred and unpreferred enantiomers. 
Additional advantages of particular embodiments include, 
for example, a single Step enantiospecific reduction com 
pared with multi-step chemical Synthesis. Also, particularly 
when the reduction is catalyzed at about 40 C. and ambient 
preSSure, one obtains high conversion from the ketone 
compound to the desired enantiomer of the corresponding 
amine compound, and high enantiomeric purity of the amine 
compound. 

For the enzymatic conversion process, if R is a monova 
lent cation, Such as Li, typically the isolation procedure 
involves lowering the pH which converts the cation to H. 

The amino acid dehydrogenase employed in the present 
invention may be any amino acid dehydrogenase capable of 
catalyzing the Stereoselective enzymatic reductive amina 
tion described herein. Enzymatic or microbial materials as 
the Source of the enzyme may be employed in the free State 
or immobilized on a Support Such as by physical adsorption 
or entrapment. 

Suitable enzymes, regardless of origin or purity, are those 
enzymes referred to as amino acid dehydrogenases. The 
enzyme employed may, for example, be an enzyme isolated 
from a microorganism Such as by homogenizing cell 
Suspensions, followed by disintegration, centrifugation, 
DEAE-cellulose chromatography, ammonium Sulfate 
fractionation, chromatography using gel filtration media 
Such as Sephacryl (crosslinked co-polymer of allyl dextran 
and N,N'-methylene bisacrylamide) chromatography, and 
ion exchange chromatography Such as Mono-Q (anion 
eXchanger which binds negatively charged biomolecules 
through quaternary amine groups) chromatography. 

Alternatively, the reductive amination process of the 
invention may use intact cells or cell extracts as a Source of 
the enzyme. With respect to the use of microorganisms, the 
method of the present invention may be carried out using 
any Suitable microbial materials capable of catalyzing the 
Stereoselective enzymatic reduction described herein. For 
example, the cells may be used in the form of intact wet cells 
or dried cells Such as lyophilized, Spray-dried or heat-dried 
cells, or in the form of treated cell material Such as ruptured 
cells or cell extracts. Suitable microorganisms include gen 
era from bacteria, yeasts and fungi, for example, Bacillus sp. 
Such as B. Subtilis, Sporosarcina sp., Thermoactinomyces sp. 
Such as T. intermedius, and the like. 

The use of genetically engineered organisms is also 
contemplated. The host cell may be any cell, e.g., Escheri 
chia coli, Pichia pastoris, and the like, modified to contain 
a gene or genes for expressing one or more amino acid 
dehydrogenases capable of catalysis as described herein. 
AS explained in more detail hereinafter, certain preferred 

engineered organisms of the invention also express a Second 
enzyme that regenerates the co-factor (Such as formate 
dehydrogenase). The nucleic acid encoding this second 
eny Zme can be either endogenous or genetically engineered 
into the cell via recombinant technology. 

It is particularly preferred to employ microorganisms of 
the genus Pichia, particularly the Species Pichia pastoris, 
especially the strains Pichia pastoris ATCC 74408 and 
Pichia pastoris ATCC 74433. Another preferred organism is 
E. coli ATCC 98374. The term “ATCC as used herein refers 
to the accession number of the American Type Culture 
Collection. Patent Depository. 10801 University Boulevard, 
Manassas, Va. 20110-2209, the depository for the organism 
referred to. Pichia pastoris ATCC 74408 was deposited with 
the ATCC on Mar. 26, 1997 under the provisions of the 
Budapest Treaty. Pichia pastoris ATCC 74433 was depos 
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6 
ited with the ATCC on Feb. 13, 1998 under the provisions of 
the Budapest Treaty, and E. coli ATCC 98.374 was deposited 
with the ATCC on Mar. 26, 1997 under the provisions of the 
Budapest Treaty. It is also particularly preferred to employ 
cell extracts or isolated enzymes from these organisms 
(microorganisms) in the present invention. 
The stereoselective enzymatic reduction method of the 

present invention may be carried out Subsequent to the 
fermentation of the microorganism employed (two-stage 
fermentation and reduction), or concurrently there with, that 
is, in the latter case, by in Situ fermentation and reduction 
(single-stage fermentation and reduction). In the Single 
Stage process, the microorganisms may be grown in an 
appropriate medium until Sufficient growth of the microor 
ganisms is attained. A compound of Formula II may then be 
added to the microbial cultures and the Stereoselective 
enzymatic reduction continued with the fermentation, pref 
erably until complete conversion is obtained. 

In the two-stage process, the microorganisms may, in the 
first Stage, be grown in an appropriate medium for fermen 
tation until exhibiting the desired enzymatic (i.e., reductive 
amination) activity. Subsequently, the cells may be har 
Vested by centrifugation and microbial cell Suspensions 
prepared by Suspending harvested cells in an appropriate 
buffered solution. Buffers such as Tris-HCl, phosphate, 
Sodium acetate and the like may be used. Water may also be 
used to prepare Suspensions of microbial cells. In the Second 
Stage, the compound of Formula II may be mixed with the 
microbial cell Suspensions, and the Stereoselective enzy 
matic reduction of the compound catalyzed by the microbial 
cell Suspension. The reduction is preferably conducted until 
all or nearly all of the compound of Formula II is stereose 
lectively reduced. 

Growth of the microorganisms may be achieved by one of 
ordinary skill in the art by the use of an appropriate medium. 
Appropriate media for growing microorganisms include 
those which provide nutrients necessary for the growth of 
the microbial cells. A typical medium for growth includes 
necessary carbon Sources, nitrogen Sources, and trace ele 
ments. Inducers may also be added. The term “inducer', as 
used herein, includes any compound enhancing formation of 
the desired enzymatic reductive amination activity within 
the microbial cell, Such as those compounds containing keto 
groups. Formula I compounds may be added as inducers 
during growth of the microorganism. For genetically engi 
neered yeast and bacterial cultures methanol and isopropyl 
beta galactoside (IPTG), respectively, are good inducers. 

Carbon Sources may include SugarS Such as maltose, 
lactose, glucose, fructose, glycerol, Sorbitol, Sucrose, Starch, 
mannitol, propylene glycol, and the like, organic acids Such 
as Sodium formate, Sodium acetate, Sodium citrate, and the 
like; amino acids Such as Sodium glutamate and the like, and 
alcohols Such as methanol, ethanol, propanol and the like. 

Nitrogen Sources may include N-Z amine A, corn Steep 
liquor, Soy bean meal, beef extracts, yeast extracts, 
yeastamin, molasses, baker's yeast, tryptone, nutrisoy, 
peptone, Sodium nitrate, ammonium Sulfate and the like. 

Trace elements may include phosphates and magnesium, 
manganese, calcium, cobalt, nickel, iron, Sodium and potas 
sium Salts. 

The medium employed may include more than one carbon 
or nitrogen Source or other nutrient. 
A preferred medium for Thermoactinomyces Sp is an 

aqueous medium having the following components (in 
weight %): 
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Component 

L-phenylalanine 0.5% 
NZ. Amine A 2% 
Yeast Extract 0.5% 
KHPO O.2% 
NaHPO, O.1% 
MgSOHO O.O2% 
antifoam. e.g., SAG5693 O.O2% 
pH 6.5-6.9 

A preferred medium for E. coli is an aqueous medium 
having the following components (in weight %): 

Component 

NZ. Amine A 1% 
Yeastamin 2% 
Glycerol 2% 
NaHPO, O.6% 
KHPO O.3% 
(NH4)2SO O.125% 
Propylene glycol O.05% 
MgSO,7HO O.O246% 
Kanamycin O.OO5% 
isopropyl f-D-thiogalactoside O.OO238% 
pH 7.0–7.2 

Preferred media for Yeast is an aqueous medium having 
the following components (in weight %): 

Component 

Yeast nitrogen base without 1.34% 
amino acids 
Peptone 2.0% 
Yeast extract 1.0% 
Glycerol 1.0% 
Methanol O.5% 
K2HPO4 O.282% 
KH2PO4 1.14% 
Biotin 4 x 10% 
Antifoam i.e A289 O.O1% 
pH 6.0 

During growth of yeast on medium 1, the methanol 
concentration was maintained at about 0.5% by methanol 
feed as required. 

Component 

Peptone 2.0% 
Yeast extract 1.0% 
Glucose 2.0% 
Antifoam A289 O.O1% 
pH 6.0 

The pH of the medium is preferably adjusted to about 6 
to 8, depending upon the particular medium, Sterilized, e.g., 
at a temperature of 121 C. for 30 minutes, and then adjusted 
to a desirable pH, after Sterilization. 

The process of the present invention is performed under 
conditions Suitable for forming the desired compound of 
Formula I. The pH of the medium is preferably maintained 
between about 4 to 10, more preferably between about 6 and 
8, during the growth of microorganisms. During the Stereo 
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8 
Selective reduction process, whether performed with 
enzymes or microorganisms, the pH is maintained between 
about 7 and 9.5, preferably about 8. 

Temperature is a measure of the heat energy available for 
the Stereoselective reduction process, and should be main 
tained to ensure that there is Sufficient energy available for 
this process. A Suitable temperature range for the process of 
the invention is from about 15 C. to about 60° C. A 
preferred temperature range is from about 25 to about 40 
C. 

Pressure is not known to be critical to practice of the 
invention and for convenience about atmospheric preSSure is 
typically employed. 
When growing microorganisms, the process of the inven 

tion is preferably carried out under aerobic conditions. The 
agitation and aeration of the reaction mixture affects the 
amount of oxygen available during the fermentation process 
and the Stereoselective reduction process which may be 
conducted, for example, in Shake-flask cultures or fermentor 
tanks during growth of microorganisms in a single-stage or 
two-stage process. The agitation range from 50 to 500 RPM 
is preferable, with 50 to 100 RPM being most preferred. 
Aeration of about 0.1 to 10 volumes of air per volume of 
media per minute (10.1 to 10 V/V/m) is preferred, with 
aeration of about 5 volumes of air per Volume of media per 
minute (5 V/V/m) being most preferred. 

If the reduction process is performed in a Second Stage 
after growth of the microorganisms, oxygen is not known to 
be required and may be detrimental. 

Complete conversion of the compound of Formula II may 
take, for example, from about 4 to 48 hours, preferably about 
12 to 30 hours, measured from the time of initially treating 
the compound of Formula II with a microorganism or 
enzyme as described herein. 
The stereoselective enzymatic reduction method of the 

present invention is carried out using a co-factor. The 
co-factor Serves as a mediator for reduction of the keto acid. 
The amount of co-factor is usually about 0.05 to about 2 
mM, preferably about 0.5 to about 1 mM. Co-factors useful 
in the present invention are nicotinamide adenine dinucle 
otide (NAD), reduced NAD (NADH), nicotinamide adenine 
dinucleotide phosphate (NADP), and reduced NADP 
(NADPH). Most preferred is NADH. The use of a cofactor 
is required when an isolated enzyme is employed. NADH, 
for example, may be regenerated and reused. Regenerating 
the co-factor in Situ is preferred. A preferred means for 
regeneration is the use of a Second type of enzyme that 
regenerate the co-factor, Such as formate dehydrogenase 
(FDH), glucose dehydrogenase, alcohol dehydrogenase, and 
the like. Suitable hydrogen donors include molecular hydro 
gen glucose, ethanol, or a formate (e.g., an alkali metal or 
ammonium formate). Chemical reduction (e.g., use of 
dithionite) or an electrochemical reduction in the presence of 
a viologen, for example methyl Viologen, also can be used. 
In a preferred embodiment, NAD produced during the 
reaction is preferably recycled to NADH by the oxidation of 
formate to carbon dioxide using FDH or by oxidation of 
glucose to gluconic acid using glucose dehydrogenase. In a 
preferred embodiment a Single host cell Strain is used as a 
Source of both PDH and FDH. In an especially preferred 
embodiment a recombinant or engineered host cell is used as 
both the Source of the amino acid dehydrogenase, especially 
PDH, and as a source of the FDH. It has been unexpectedly 
discovered that a preferred organism for use in the present 
invention, i.e., Pichia pastoris, ATCC 74408 not only is 
engineered to express recombinant PDH, but also that the 
level of endogenous FDH activity is increased as well. 
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Another preferred organism for use in the present invention, 
i.e., Pichia pistoris ATCC 74433 is engineered to express 
both recombinant PDH and recombinant FDH. 

It is preferred to employ an aqueous liquid as the reaction 
medium, although an organic liquid, or a miscible or immis 
cible (biphasic) organic/aqueous liquid mixture may also be 
employed. 

It is preferred to employ 0.1 to 25 weight 9% of the 
compound of Formula II starting material based on the 
combined weight of the compound and reaction medium. 
The amount of enzyme or microorganism employed relative 
to the Starting material is Selected to allow catalysis of the 
Stereoselective enzymatic reduction of the present invention. 

The products of the Stereoselective reduction process of 
the present invention may be isolated and purified, if 
desired, by known methodologies Such as by extraction, 
distillation, crystallization, column chromatography, and the 
like. 
A preferred method for Separating the desired compound 

of Formula I from the remaining compounds of the reaction 
medium is concentration by removal of water, then addition 
of methanol to crystallize out the amino acid. 

Preferred amino acid dehydrogenases useful herein are 
Selected from those amino acid dehydrogenases active with 
the above-described ketone of formula II. Such amino acid 
dehydrogenases include alanine dehydrogenase, phenylala 
nine dehydrogenase, leucine dehydrogenase, glutamate 
dehydrogenase, Valine dehydrogenase, and the like. The 
present invention also contemplates use of two or more 
amino acid dehydrogenases, particularly when using whole 
cells or crude extracts. The amino acid dehydrogenases 
useful in the present invention are typically from a variety of 
plant, animal, and microbial origins. Alternatively, the 
enzymes useful in the present invention may be obtained by 
Synthetic means, i.e., chemical Synthesis of the polypeptide 
from its component amino acids, by methods known to those 
of ordinary skill in the art. For example, the Solid phase 
procedure described in Houghton et al., Proc. Natl. Acad. 
Sci. 82,5131–5135 (1985) may be employed. The enzymes 
may be obtained by production in prokaryotic or eukaryotic 
host cells expressing a DNA sequence coding for the desired 
enzyme (endogenous or recombinant), or by in vitro trans 
lation of the mRNA encoded by a DNA sequence coding for 
all or part of the desired enzyme. Techniques for the pro 
duction of polypeptides by these means are known in the art, 
and are described herein. Specific examples of enzymes 
useful herein include, but are not limited to, beef liver 
glutamate dehydrogenase, alanine dehydrogenase from 
Bacillus Subtlilis, phenylalanine dehydrogenase from Spo 
rosarcina Species, leucine dehydrogenase from Bacillus 
Sphaericus ATCC 4525, extract from Thermoactinomyces 
intermedius ATCC 33205 (source of phenylalanine, alanine, 
and leucine dehydrogenases) and the like. A preferred amino 
acid dehydrogenase is phenylalanine dehydrogenase (PDH). 
The process of the invention requires ammonia. Ammonia 

is needed because it Supplies the amino group for the amino 
acid compound (i.e., the compound of formula I). Sources of 
ammonia include NHOH, urea plus urease, and 
HCOONH. The amount of ammonia is typically equimolar 
or greater than the amount of keto acid compound (i.e., 
compound of formula II). 

Conditions for the enzymatic reductive amination proceSS 
can vary widely depending on the type of enzyme employed. 
For example, for the Thermoactinomyces/formate dehydro 
genase combination, a temperature of about 35 C. to about 
45 C., preferably about 40 C. for a reaction time of about 
12 to about 48 hours, preferably about 25 hours, is typically 
adequate. 
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The process of the present invention results in high yield 

of the compound of formula I. A typical yield is greater than 
about 80%, preferably greater than about 90%, more pref 
erably greater than about 95%, and most preferably about 
99%. The present process also results in excellent optical 
purity, i.e., production of the desired Senantiomers relative 
to the undesired R enantiomers. Typical optical purity is 
greater than about 95%, preferably greater than about 99%. 
The compounds produced by the reductive amination 

process of the present invention, Such as the L-allysine 
ethylene acetals, can be readily converted to the ester 
derivatives disclosed in U.S. Pat. No. 5,508,272, the disclo 
Sure of which is incorporated herein by reference in its 
entirety. The ester derivatives are building blocks to prepare 
Vasopeptidase inhibitors which inhibit both angiotensin con 
verting enzyme (ACE) and neutral endoprotease (NEP) for 
treatment of cardiovascular diseases as disclosed in U.S. Pat. 
No. 5,508,272. Therefore, the present invention also 
includes the optional Step of converting the dioxolane acetal 
containing compounds of formula I to their corresponding 
ester derivative. More specifically, the optional esterification 
additional Step compriseS eXchanging the dioxolane acetal 
moiety, i.e., wherein Ris 

O O 

if present, or the moiety 

O R3 

( R3 
O s 

if present, or the moiety 

with a dialkoxyacetal and converting the carboxylic acid (if 
present) to the alkyl ester resulting in the desired compound. 
(S)-2-amino-6,6-dialkoxyhexanoic acid, alkyl ester. This 
can be achieved by reacting compound I with thionyl 
chloride in a Suitable Solvent Such as methanol or a higher 
alcohol; or by reacting compound I with anhydrous HCl 
(obtained as a gas or from TMSC1 or equivalent means) and 
dimethyl Sulfite in a Suitable Solvent Such as methanol; to 
form an ester compound of the formula (formula III) 

III 

HN COOR 

wherein each R is a C-Cls alkyl (preferably C-Clio alkyl, 
more preferably lower alkyl, and most preferably methyl). In 
the above esterification Step conditions are not known to be 
critical, for example, a temperature of about 0 to about 45 
C., preferably about 35 to about 40 C., for a reaction time 
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of about 8 to about 72 hours (h), preferably about 6 to about 
9 h, is typically adequate; it is preferred that the Step takes 
place in an atmosphere Such as HCl, nitrogen or argon. The 
reaction will result in either a full amino group or an amino 
Salt, either of which can be used in the reaction described in 
Rob1. 
To prepare the keto Starting material for the enzymatic 

reductive amination proceSS for the invention, a halo alkyl 
compound having the formula (formula IV) is used as a 
Starting material wherein n is one to five (preferably 2) and 
X is Cl, Br or I (preferably Br). Preferably the bromo 
derivative of the formula IV is reacted with magnesium to 
form the organomagnesium derivative of the compound of 
formula IV which is subsequently reacted with an alpha 
dicarbonyl compound Such as diethyl (preferred) or dim 
ethyl oxalate at low temperature in tetrahydrofuran (THF) to 
afford an ester (methyl or ethyl) of the compound having 
formula II. The ester derivative of formula II is subsequently 
saponified as depicted in Scheme 1 to afford the derivative 
of formula II having R'-H, or more preferably it is saponi 
fied as depicted in Scheme 2 and isolated as the derivative for 
formula II having R'-Li. 

IV 

n = 1 to 5 
X = Cl, Br or I 

The halo derivatives having formula IV wherein n=2 or 3 
can be prepared by reacting HBr with the appropriate 
Starting compound (tetrahydrofuran or tetrahydropyran), 
followed by Oxidation to an aldehyde using Standard con 
ditions and finally reacting the halo aldehyde with the 
appropriate alcohol (methyl, ethyl or propyl) or diol 
(ethylene glycol, 1,3-dihydroxy propane, 1,3-dihydroxy-2, 
2-dimethyl propane) to afford a compound having formula 
IV. Alternatively compounds of formula II can be prepared 
Starting from the appropriate commercially available halo 
alcohols, aldehydes or acetals using the chemistry depicted 
in Schemes 1 or 2. 

Scheme 1 

HBr in 11n TEMPO He O CHCl, RT OH NaOCl 
O Ethylene 

Glycol 
Br p-toluene 

sulfonic acid 

1. Mg, THF 
O) Preformed Grignard 

"S--> 2. (COOEt)2 
1. NaOH, aq. CHOH 
He 
2. Adjust pH to -2 
3. Extract with EtOAc 
4. Conc. to an oil 

O O) 

O 

O O) to O 
O 

HO 
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-continued 

O) 
O 

Formate dehydrogenase 
HCOONH4, NADH 

Phenylalanine dehydrogenase 

O COOH 

O) 
O Dimethylsulfite. 

TMSCI, CH-OH 
-- 

HN COOH 

OCH 

OCH 

CIHHN COOCH 

Another exemplary process of the invention is depicted 
below (Scheme 2). 

Scheme 2 

HBr N-1N1 a TEMPO He 
O CHCl2, RT OH NaOCl 

O Ethylene 
Glycol 

Br p-toluene 
sulfonic acid 

1. Mg, THF 
O) Preformed Grignard 

"S--> 2. (COOEt) 

1. LiOH, aq. THF 
H-e- 

2. Cryst, IPA 

O O) 

O 

O O) "' -- O 

O 

LiO 

O) 
Formate dehydrogenase 
HCOONH, NADH 

Phenylalanine dehydrogenase 

O COOL 
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-continued 

O) 
O Dimethylsulfite. 

TMSC1, CH-OH 
-e- 

HN COOH 
OCH 

OCH 

CIHHN COOCH 

As described in Rob1 in U.S. Pat. No. 5,508,272, the 
compound produced by the present process (formula III 
herein, formula XXIII in Rob1) or its acid addition salt, for 
example, (S)-2-amino-6,6-dimethoxyhexanoic acid, methyl 
ester, can be coupled with the N-protected amino acid of the 
formula (formula V) 

V 

-, 
(CH2)2 
V 

P-N-CH-COOH 

to give the dipeptide of the formula (formula VI) 

VI 

h 
i- i-oct 
": (CH2)3 

r-s-ch----it-coch 
O H 

wherein P is an amino protecting group Such as benzyloxy 
carbonyl or t-butyloxycarbonyl or a group which together 
with the N-atom forms a protecting group Such as phthal 
imido and P is a mercapto protecting group Such as acetyl 
or benzoyl. This coupling reaction is preferably performed 
in the presence of a coupling reagent Such as benzotriazol 
1-yl oxy tris (dimethyla mino) phosphonium 
hexafluorophosphate, ethyl-3-(3-dimethyl-amino)propyl 
carbodiimide, dicyclohexylcarbodiimide, or 
1H-benzotriazol-1-ol, methane Sulfonate ester. 
The P protecting group is selectively removed from the 

dipeptide of formula VI such as by treatment with sodium 
methoxide in me thanol or by treatment with 
p-tolueneSulfonic acid in methanol. The resulting mercaptain 
compound is then Subjected to an acid catalyzed cyclization 
reaction preferably by treating with a strong acid Such as 
trifluoroacetic acid, p-toluenesulfonic acid, methaneSulfonic 
acid, or a commercially available polystyrene Sulfonate 
polymer type ion eXchange resin Such as Amberlyst15(R). 
This cyclization reaction can be performed in a non-protic 
Solvent Such as methylene chloride or chloroform to give the 
lactam of the formula (formula VII) 
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C 

| P-N O COOCH 

The lactam of formula VII is then treated to remove the 
P. N-protecting group and then reacted with the acylmer 
captoalkanoyl sidechain of the formula (formula VIII) 

VIII 
O O 

(S) || 
R-C-S-CH-C-OH 

CH2 

wherein R is methyl or phenyl giving the compound of the 
formula (formula IX) 

IX 

O O 

Re-C-S-CH-C-N 

This coupling reaction can be performed in an organic 
Solvent Such as methylene chloride and in the presence of a 
coupling reagent such as 1 - ethyl-3-(3- 
dimethyla mino propyl) carbodiimide, 
dicyclohexylcarbodiimide, benzotriazol-1-yloxytris 
(dimethylamino)phosphonium hexafluorophosphate, or car 
bonyldiimidazole. Alternatively, the acylmercaproalkanoic 
acid of formula VIII can be converted to an activated form 
prior to coupling Such as an acid chloride, mixed anhydride, 
Symmetrical anhydride, activated ester, etc. 
The P. N-protecting group can be removed from the 

lactam of formula VII, for example, by treatment with 
hydrazine monohydrate when P, together with the N-atom 
forms a phthalimido group or by treatment with iodotrim 
ethylsilane or palladium on carbon and hydrogen when P is 
benzyloxycarbonyl or by treatment with hydrochloric acid in 
dioxane or other Strong acid when P is t-butoxycarbonyl. 
The acyl group R-C(O)- is removed and the methyl 

ester group is converted to the carboxylic acid from the 
compound of formula IX to give the desired final product. 
For example, when R is methyl, treatment with methanolic 
Sodium hydroxide followed by aqueous acid yield the 
desired compound. 

4S-4a(R*).7a, 10ab-Octahydro-4-(2-mercapto-1-oxo 
3-phenylpropyl)amino-5-oxo-7H-pyrido 2,1-b1,3 
thiazepine-7-carboxylic acid possesses angiotensin convert 
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ing enzyme and neutral endopeptidase inhibitory activity. 
This compound as well as its pharmaceutically acceptable 
Salts are useful in treating cardiovascular diseases Such as 
hypertension and congestive heart failure as noted in Rob 1 
U.S. Pat. No. 5,508,272. This compound can be adminis 
tered to a mammalian host Such as man at from about 0.1 mg 
to about 100 mg per kg of body weight per day, preferably 
from about 0.5 mg to about 25 mg per kg of body weight per 
day. The compound is preferably administered orally but 
parenteral routes and topical routes can also be employed. 
The daily dose can be administered Singly or can be divided 
into two to four doses administered throughout the day. 

The present invention also concerns an engineered yeast 
host cell comprising a recombinant or endogenous nucleic 
acid sequence coding for formate dehydrogenase (FDH) and 
a recombinant nucleic acid Sequence coding for a phenyla 
lanine dehydrogenase (PDH). Preferably, the nucleic acid 
molecules are DNA molecules and the nucleic acid 
Sequences are DNA sequences. All DNA sequences are 
represented herein by formulas whose left to right orienta 
tion is in the conventional direction of 5' to 3'. It is also 
contemplated that the present invention encompasses modi 
fied Sequences. AS used in the present application, the term 
"modified', when referring to a nucleotide or polypeptide 
Sequence, means a nucleotide or polypeptide Sequence 
which differs from the wild-type Sequence found in nature. 

The recombinant host cell of the present invention can be 
any microorganism that is cabable of producing recombinant 
and/or native (endogenous) FDH and is capable of being 
transformed or genetically engineered with PDH from a 
different species to express catalytically active PDH. 
Examples of host cells of the invention include, for example, 
Candida Species, Saccharomyces species, Cephalosporium 
Species, Fusarium species, Penicillium Species, Pichia 
pastoris, Candida Species, Escherichia Species and 
Pseudomonas species. The most preferred host cell of the 
invention is a Pichia Species, particularly Pichia pastoris. 

The PDH nucleic acid used to transform the yeast host cell 
can be any nucleic acid capable of resulting in expression of 
catalytically active PDH in the host cell. For example, the 
PDH nucleic acid sequence coding for PDH source can be 
Bacillus Sphaericus, Bacillus badius, Sporosarcina ureae, 
Bacillus faecalis, Corynebacterium equis, Rhodotorula 
glutinis, Brevibacterium sp., RhodococcuS Sp. Such as 
Rhodococcus maris, and the like. Preferred PDH nucleic 
acid is the PDH gene from Thermoactinomyces intermedius 
ATCC 33205, as disclosed by Takada, H., et al., J. Biochem., 
109, 371-376 (1991), the disclosure of which is incorpo 
rated herein by reference in its entirety. 
The PDH (and, optionally FDH) sequence of the present 

invention used to transform the yeast host cell can be 
obtained using various methods well-known to those of 
ordinary skill in the art. At least three alternative principal 
methods may be employed: 

(1) the isolation of a double-stranded DNA sequence from 
genomic DNA or complementary DNA (cDNA) which 
contains the Sequence; 

(2) the chemical Synthesis of the DNA sequence; and 
(3) the synthesis of the DNA sequence by polymerase 

chain reaction (PCR). 
In the first approach, a genomic or cDNA library can be 

Screened in order to identify a DNA sequence coding for all 
or part of PDH (and, optionally FDH). For example, a T. 
intermedius genomic DNA library can be screened in order 
to identify the DNA sequence coding for all or part of PDH 
(and, optionally FDH). Various techniques can be used to 
screen the genomic DNA or cDNA libraries. 
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For example, labeled single stranded DNA probe 

Sequences duplicating a Sequence present in the target 
genomic DNA or cDNA coding for all or part of PDH can 
be employed in DNA/DNA hybridization procedures carried 
out on cloned copies of the genomic DNA or cDNA which 
have been denatured to Single Stranded form. 
A genomic DNA or cDNA library can also be screened for 

a genomic DNA or cDNA coding for all or part of PDH (and, 
optionally FDH) using immunoblotting techniques. 

In one typical Screening method Suitable for either immu 
noblotting or hybridization techniques, the genomic DNA 
library, which is usually contained in a vector, or cDNA 
library is first spread out on agar plates, and then the clones 
are transferred to filter membranes, for example, nitrocellu 
lose membranes. A DNA probe can then be hybridized or an 
antibody can then be bound to the clones to identify those 
clones containing the genomic DNA or cDNA coding for all 
or part of PDH (and, optionally FDH). 

In the Second approach, the DNA sequences of the present 
invention coding for PDH (and, optionally FDH) can be 
chemically Synthesized. For example, the DNA sequence 
coding for PDH (and, optionally FDH) can be synthesized as 
a Series of 100 base oligonucleotides that can be sequentially 
ligated (via appropriate terminal restriction sites or comple 
mentary terminal sequences) So as to form the correct linear 
Sequence of nucleotides. 

In the third approach, the DNA sequences of the present 
invention coding for PDH (and, optionally FDH) can be 
synthesized using PCR. Briefly, pairs of synthetic DNA 
oligonucleotides at least 15 bases in length (PCR primers) 
that hybridize to opposite strands of the target DNA 
Sequence are used to enzymatically amplify the intervening 
region of DNA on the target Sequence. Repeated cycles of 
heat denaturation of the template, annealing of the primers 
and extension of the 3'-termini of the annealed primers with 
a DNA polymerase results in amplification of the Segment 
defined by the 5' ends of the PCR primers. See, White et al., 
Trends Genet, 5,185-189 (1989). 
The DNA sequences useful in the present invention 

coding for PDH (and, optionally FDH) can also be modified 
(i.e., mutated) to prepare various mutations. Such mutations 
may be either degenerate, i.e., the mutation changes the 
amino acid Sequence encoded by the mutated codon, or 
non-degenerate, i.e., the mutations does not change the 
amino acid Sequence encoded by the mutated codon. These 
modified DNA sequences may be prepared, for example, by 
mutating the PDH (and, optionally FDH) DNA sequence so 
that the mutation results in the deletion, Substitution, 
insertion, inversion or addition of one or more amino acids 
in the encoded polypeptide using various methods known in 
the art. For example, the methods of Site-directed mutagen 
esis described in Morinaga et al., Bio/Technol. 2, 636-639 
(1984), Taylor et al., Nucl. Acids Res. 13,8749-8764 (1985) 
and Kunkel, Proc. Natl. Acad. Sci. USA82, 482-492 (1985) 
may be employed. In addition, kits for Site-directed 
mutagenesis may be purchased from commercial vendors. 
For example, a kit for performing Site-directed mutagenesis 
may be purchased from Amersham Corp. (Arlington 
Heights, Ill.). In addition, disruption, deletion and truncation 
methods as described in Sayers et al., Nucl. Acids Res. 16, 
791-802 (1988) may also be employed. Both degenerate and 
non-degenerate mutations may be advantageous in produc 
ing or using the polypeptides of the present invention. For 
example, these mutations may permit higher levels of 
production, easier purification, or provide additional restric 
tion endonuclease recognition sites. All Such modified DNA 
and polypeptide molecules are included within the Scope of 
the invention. 
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The yeast cells of the invention can be conveniently 
transformed by use of expression vectors comprising a DNA 
sequence coding for PDH (and, optionally FDH). The 
expression vectors preferably contain all or part of one of the 
DNA sequences having the PDH nucleotide sequence Sub 
stantially as shown in Takada, H., et al., J. Biochem., 109, 
371-376 (1991). Further preferred are expression vectors 
comprising one or more regulatory DNA sequences opera 
tively linked to the DNA sequence coding for all or part of 
PDH (and, optionally FDH). As used in this context, the 
term “operatively linked” means that the regulatory DNA 
Sequences are capable of directing the replication and/or the 
expression of the DNA sequence coding for PDH (and, 
optionally FDH) 

Expression vectors of utility in the present invention are 
often in the form of “plasmids”, which refer to circular 
double stranded DNA loops which, in their vector form, are 
not bound to the chromosome. However, the invention is 
intended to include Such other forms of expression vectors 
which Serve equivalent functions and which become known 
in the art Subsequently hereto. 

Expression vectors useful in the present invention typi 
cally contain an origin of replication, a promoter located in 
front (i.e., upstream of) the DNA sequence (preferably an 
inducible promoter such as AOX 1 or constitutive promoter 
such as GAP) and followed by the DNA sequence coding for 
all or part of PDH (and, optionally FDH). The DNA 
Sequence coding for all or part of PDH (and, optionally 
FDH) is followed by transcription termination sequences 
and the remaining vector. If recombinant FDH nucleic acid 
is used, the FDH DNA can be part of the same vector as the 
PDH or may be part of a separate vector. The expression 
vectors may also include other DNA sequences known in the 
art, for example, Stability leader Sequences which provide 
for Stability of the expression product, Secretory leader 
Sequences which provide for Secretion of the expression 
product, Sequences which allow expression of the Structural 
gene to be modulated (e.g., by the presence or absence of 
nutrients or other inducers in the growth medium), marker 
Sequences which are capable of providing phenotypic Selec 
tion in transformed host cells, Stability elements Such as 
centromeres which provide mitotic Stability to the plasmid, 
and Sequences which provide Sites for cleavage by restric 
tion endonucleases. The characteristics of the actual 
expression-vector used must be compatible with the host cell 
which is to be employed. For example, when cloning in a 
fungal or yeast cell System, the expression vector should 
contains promoters isolated from the genome of fungal or 
yeast cells (e.g., the trpC promoter from Aspergillus 
nidulans, the AOX1 promoter from Pichia pastoris, and the 
GAP promoter from P. pastoris). Certain expression vectors 
may contain an autonomously replicating sequence (ARS, 
e.g., ARS from Fusarium Oxysporium, Saccharomyces 
cerevisiae, and the like) which promotes in Vivo production 
of Self-replicating plasmids in fungal or yeast hosts. It is 
preferred that the yeast expression vectors of the invention 
do not have a yeast ARS Sequence and thus will integrate 
into host chromosomes upon plasmid entry of host cells. 
Such integration is preferred because of enhanced genetic 
Stability. An expression vector as contemplated by the 
present invention is at least capable of directing the repli 
cation in and integration in yeast or fungal cells, and 
preferably the expression, of the PDH DNA sequence dis 
closed in Takada, H., et al. J. Biochem., 109,371-376 (1991) 
in Pichia cells. Suitable promoters include, for example, the 
trpC promoter from Aspergillus nidulans, the penicillin V 
amidase promoter from P pastoris. Suitable termination 
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Sequences include, for example, the trpC terminator from A. 
nidulans, the PVA terminator for F. Oxysporum, and the 
AOX1 transcription termination Sequence of P. pastoris. It is 
also preferred that the expression vector include a Sequence 
coding for a Selectable marker. The Selectable marker is 
preferably antibiotic resistance. AS Selectable markers, G418 
resistance or Zeocin resistance can be conveniently 
employed. All of these materials are known in the art and are 
commercially available. 

Particularly preferred are the expression vectors desig 
nated pPDH9k/10, pPDH155K, and pCAPk-PDH described 
herein below, which contain the DNA sequence coding for 
PDH, or expression vectors with the identifying character 
istics of these plasmids. Also preferred is the expression 
vector designated pCAPZ-FDH containing a DNA sequence 
encoding FDH. 

Host cell Pischia pastoris strain SMD1168 containing 
plasmid pPDH9K/10 was deposited with the American Type 
Culture Collection (“ATCC), Manassas, Va., on Mar. 26, 
1997 under the Budapest Treaty and is assigned ATCC 
accession no. 74408. 

Host cell Pichia pastoris strain GS115 containing plas 
mids pGAPk-PDH and pGAPZ-FDH was deposited with the 
ATCC on Feb. 13, 1998 under the provisions of the Budapest 
Treaty and is assigned ATCC Accession No. 74433. 

Host cell Escherichia coli strain BL21 containing plasmid 
pPDH155K was deposited with the ATCC on Mar. 26, 1997 
under the provisions of the Budapest Treaty and is assigned 
ATCC Accession No. 98374. 

Suitable expression vectors containing the desired coding 
and control Sequences may be constructed using Standard 
recombinant DNA techniques known in the art, many of 
which are described in Sambrook et al. Molecular Cloning: 
A Laboratory Manual, 2nd edition, Cold Spring Harbor 
Laboratory, Cold Spring Harbor, N.Y. (1989). 
The host cells of the invention preferably contain an 

expression vector comprising one or more regulatory DNA 
Sequences capable of directing the replication and/or the 
expression of and operatively linked to a DNA sequence 
coding for all or part of PDH. The host cells can be, for 
example, Cephalosporium acremonium, Fusarium OxySpo 
rium and Penicillium chrysogenium, Pichia pastoris, Can 
dida boidinii, and Saccharomyces cerevisiae cells. Particu 
larly preferred as host cells are Pichia pastoris Strains. 

Expression vectors may be introduced into host cells by 
various methods known in the art. For example, transfor 
mation of host cells with expression vectors can be carried 
out by the polyethylene glycol mediated protoplast trans 
formation method. However, other methods for introducing 
expression vectors into host cells, for example, 
electroporation, biolistic injection, or protoplast fusion, can 
also be employed. 
Once an expression vector has been introduced into an 

appropriate host cell, the host cell may be cultured under 
conditions permitting expression of large amounts of the 
desired polypeptide, in the preferred case a polypeptide 
molecule comprising PDH (and, optionally, FDH). Thus, the 
present invention concerns an engineered host cell, prefer 
ably yeast, capable of producing both phenylalanine dehy 
drogenase (PDH) and formate dehydrogenase (FDH) 
wherein Said host cell comprises 

(a) recombinant nucleic acid encoding PDH and, 
optionally, endogenous nucleic acid encoding PDH, 
and 

(b) nucleic acid encoding FDH wherein said nucleic acid 
is endogenous, recombinant or both endogenous and 
recombinant. 
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Host cells containing an expression vector which contains 
a DNA sequence coding for all or part of PDH (and, 
optionally, FDH) may be identified by one or more of the 
following five general approaches: (a) DNA-DNA hybrid 
ization; (b) the presence or absence of marker gene func 
tions; (c) assessing the level of transcription as measured by 
the production of mRNA transcripts in the host cell; (d) 
detection of the gene product immunologically; and (e) 
enzyme assay, enzyme assay being the preferred method of 
identification. 

In the first approach, the presence of a DNA sequence 
coding for all or part of the desired enzyme can be detected 
by DNA-DNA or RNA-RNA hybridization using probes 
complementary to the DNA sequence. 

In the Second approach, the recombinant expression vec 
tor host System can be identified and Selected based upon the 
presence or absence of certain marker gene functions (e.g., 
acetamide utilization, resistance to antibiotics, resistance to 
fungicide, uracil prototrophy, etc.). A marker gene can be 
placed in the same plasmid as the DNA sequence coding for 
all or part of the enzyme under the regulation of the same or 
a different promoter used to regulate the enzyme coding 
Sequence. Expression of the marker gene in response to 
induction or Selection indicates the presence of the entire 
recombinant expression vector which carries the DNA 
Sequence coding for all or part of the desired enzyme. 

In the third approach, the production of enzyme mRNA 
transcripts can be assessed by hybridization assayS. For 
example, polyadenylated RNA can be isolated and analyzed 
by Northern blotting or nuclease protection assay using a 
probe complementary to the RNA sequence. Alternatively, 
the total nucleic acids of the host cell may be extracted and 
assayed for hybridization to Such probes. 

In the fourth approach, the expression of all or part of the 
desired enzyme can be assessed immunologically, for 
example, by Western blotting. 

In the fifth approach, expression of the enzyme can be 
measured by assaying for enzyme activity using known 
methods. 

The DNA sequences of expression vectors, plasmids or 
DNA molecules of the present invention may be determined 
by various methods known in the art. For example, the 
dideoxy chain termination method as described in Sanger et 
al., Proc. Natl. Acad. Sci. USA 74,5463-5467 (1977), or the 
Maxam-Gilbert method as described in Proc. Natl. Acad. 
Sci. USA 74,560–564 (1977). 

It should, of course, be understood that not all expression 
vectors and DNA regulatory Sequences will function equally 
well to express the DNA sequences of the present invention. 
Neither will all host cells function equally well with the 
Same expression System. However, one of ordinary skill in 
the art may make a Selection among expression vectors. 
DNA regulatory Sequences, and host cells using the guid 
ance provided herein without undue experimentation and 
without departing from the Scope of the present invention. 

If a host cell is used which is engineered to express 
recombinant FDH, then procedures similar to those 
described above can be used and adapted to transform host 
cells to contain nucleic acid encoding FDH. A Suitable 
Source of FDH nucleic acid is Pichia species. 

It is preferred that the PDH transformed host cells of the 
invention also contain native or endogenous nucleic acids 
which are capable of expressing FDH. Optionally, the host 
cells can also contain endogenous nucleic acid encoding 
PDH in addition to recombinant PDH nucleic acid. Thus, the 
host cell chosen in which to insert an expression vector 
preferably already has the ability to express FDH. It has 
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been unexpectedly discovered that transformation of Pichia 
cells with a vector capable of directing expression of PDH 
also resulted in enhanced expression of FDH. Use of such 
cells in the enzymatic conversion process of the invention is 
preferred. 
The present invention further concerns a method for 

producing PDH and FDH comprising culturing an engi 
neered host cell containing recombinant or native nucleic 
acid capable of expressing FDH and containing an expres 
sion vector capable of expressing PDH. Preferably the 
expression vector is pPDH9K/10. 

All amino acid residues identified herein are in the natural 
L-configuration. In keeping with Standard polypeptide 
nomenclature, J. Biol. Chem. 243, 3557-3559 (1969), 
abbreviations for amino acid residues are as shown in the 
following Table of Correspondence. 

TABLE OF CORRESPONDENCE 

SYMBOL 
1-Letter 3-Letter AMINO ACID 

Y Tyr L-tyrosine 
G Gly L-glycine 
F Phe L-phenylalanine 
M Met L-methionine 
A. Ala L-alanine 
S Ser L-serine 
I Ile L-isoleucine 
L Leu L-leucine 
T Thr L-threonine 
V Val L-valine 
P Pro L-proline 
K Lys L-lysine 
H His L-histidine 
O Glin L-glutamine 
E Glu L-glutamic acid 
W Trp L-tryptophan 
R Arg L-arginine 
D Asp L-aspartic acid 
N Asn L-aspargine 
C Cys L-cysteine 

All amino acid Sequences are represented herein by formulas 
whose left to right orientation is in the conventional direc 
tion of amino-terminus to carboxy-terminus. 

It will be understood that allelic variations of the nucleic 
acid and amino acid Sequences useful herein naturally exist, 
or may be intentionally introduced using methods known in 
the art. These variations may be demonstrated by one or 
more amino acid differences in the overall Sequence, or by 
deletions, Substitutions, insertions, inversions or additions of 
one or more amino acids in Said Sequence. Such amino acid 
Substitutions may be made, for example, on the basis of 
Similarity in polarity, charge, Solubility, hydrophobicity, 
hydrophilicity and/or the amphiphatic nature of the residues 
involved. For example, negatively charged amino acids 
include aspartic acid and glutamic acid; positively charged 
amino acids include lysine and arginine, amino acids with 
uncharged polar head groups or nonpolar head groups hav 
ing Similar hydrophilicity values include the following: 
leucine, isoleucine, Valine, glycine, alanine, asparagine, 
glutamine, Serine, threonine, phenylalanine, tyrosine. Other 
contemplated variations include Salts and esters of the 
aforementioned polypeptides, as well as precursors of the 
aforementioned polypeptides, for example, precursors hav 
ing N-terminal Substituents Such as methionine, 
N-formylmethionine and leader Sequences. All Such varia 
tions are included within the Scope of the present invention. 
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The following examples illustrate the invention but 
should not be interpreted as a limitation thereon. The reac 
tion in examples 1-6 is shown in Scheme 3. 

COOH 

Scheme 3 

O O 
formate CO 

N O 

NADI NAD 

Ho 

O COOH NH2 HN 

EXAMPLE 1. 

Reductive Amination With Amino Acid 
Dehydrogenases From Various Sources 

Solutions contained in a final volume of 1.0 ml at pH 8.7: 
1 Mammonium formate (adjusted to pH 8.7 with NHOH). 
0.1 M 5-(1,3-dioxolan-2-yl)-2-oxo-pentanoic acid, 1 mM 
NAD, 1 milligram (mg) protein/milliliter (ml) (0.53 units/ 
mg protein from Boehringer Mannheim) formate dehydro 
genase from Candida boidinii, and the amino acid dehydro 
genases listed in table 1. The solutions were incubated at 30 
C. for 16 h, then samples were taken from the reactions for 
high performance liquid chromatography (HPLC) analysis. 
The results are shown in Table 1. Enantiomeric excess was 
greater than 98% in each case. 

TABLE 1. 

5-(1.3-dioxolan-2-yl 
(S)-2-aminopentanoic 

Amount acid 
Dehydrogenase Source Units mM 

Glutamate Sigma 76 1.03 
Alanine Sigma 35.7 11.77 
Leucine in-house 22 14.01 
Phenylalanine Sigma 12.6 51.71 

Leucine dehydrogenase was partially purified from Bacil 
lus Sphaericus ATCC 4525. Glutamate dehydrogenase was 
from beef liver; alanine dehydrogenase was from Bacillus 
Subtilis, phenylalanine dehydrogenase was from Sporosa 
rcina Species. 

HPLC Assay of 5-(1,3-dioxolan-2-yl)-(S)-2-amino 
pentanoic acid Optical Purity and Amount 

Samples were diluted with water to about 5 mM concen 
tration and placed in a boiling water bath for 1 minute to Stop 
reactions and precipitate proteins. After cooling, the Samples 
were filtered through 0.2 micron nylon filters into HPLC 
Vials. 

column: Chiralpak WH 25x0.46 cm (Daicel Chemical 
Industries, Ltd.) 

mobile phase: 0.3 mM CuSO 
flow rate: 1 ml/minute (min) 
column temperature: 40 C. 
detection: DAD set at 230 nanometer (nm) 
injection volume: 20 microliter (ul) 

Retention times: L-enantiomer 28.044 min, D-enantiomer 
23.842 min. Retention times decrease with use of column 
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and can change with concentration of Samples. The mini 
mum percentage of D-enantiomer that can be detected is 
about 1%. 

EXAMPLE 2 

Reductive Amination With Extract From 
Thermoactinomyces intermedius 

Thermoactinomyces intermedius ATCC33205 was grown 
in a 15 L fermentor at 55 C. on medium containing 1.0% 
L-phenylalanine, 0.1% L-glutamic acid, 1.0% peptone, 
0.5% yeast extract, 0.2% KHPO, 0.1% NaCl and 0.02% 
MgSO.7HO. Cells were harvested 19 h after inoculation 
and stored frozen at -12 C. Frozen cell paste (8.0 g) was 
washed with 200 ml 50 mM potassium phosphate buffer pH 
7 and centrifuged at 16000xg for 10 min. The cells were 
resuspended in 40 ml of 50 mM potassium phosphate buffer 
pH 7 containing 1 mM dithiothreitol. The cell suspension 
was sonicated for 2 min, then centrifuged at 16000xg for 10 
min. The Supernatant contained 0.43 units PDH/mg protein 
when assayed for reductive amination of phenylpyruvate. 
A 400 ml pH 8.7 solution was prepared containing 1 M 

ammonium formate (25.22 g), 0.1 M 5-(1,3-dioxolan-2-yl)- 
2-oxo-pentanoic acid (7.527 g), 1 mM NAD (274 mg), 1 
mM dithiothreitol (61.6 mg) 40 u (76 mg protein) formate 
dehydrogenase, and 40 ml (309 mg protein) of the Thermo 
actinomyces intermedius extract. The ammonium formate 
was dissolved in 300 ml water, brought to pH 8.7 with 
concentrated ammonium hydroxide, then the other compo 
nents were added and the solution was brought to 400 ml and 
again adjusted to pH 8.7 with concentrated ammonium 
hydroxide. The solution was incubated at 40 C. Additional 
20 mg portions of formate dehydrogenase were added at 9 
h and 23 h. After 21 h, the Solution contained 80.1 mM 
L-5-(1,3-dioxolan-2-yl)-(S)-2-amino-pentanoic acid as mea 
sured by HPLC analysis. The concentration remained the 
Same after 29 h. The enantiomeric exceSS as measured by 
chiral HPLC was greater than 98%. 

EXAMPLE 3 

Reductive Amination With Heat-dried 
Thermoactinomyces intermedius and Heat-dried 

Candida boidinii 

5-(1,3-dioxolan-2-yl)-2-oxo-pentanoic acid (10.0g, 53.14 
mmoles), ammonium formate (3.509 g, 55.65 mmoles), and 
a magnetic stirring bar were added to a 300 ml beaker. 150 
ml water and a 4.5 ml concentrated ammonium hydroxide 
solution (29.6%) were added to the beaker and stirred until 
the Solids were dissolved. The pH was adjusted to 8 by 
adding additional ammonium hydroxide as necessary. 
Dithiothreitol (36.2 mg, 0.235 mmoles) and NAD (145.2 
mg, 0.212 mmoles) were added and stirred to dissolve. 
Water was added to bring the volume to 200 ml and the 
solution was poured into a 250 ml jacketed reactor. The 
beaker was rinsed with 6 ml water and the rinse was added 
to the reactor. The reactor was maintained at 40 C. with a 
Neslab RTE-110 bath/circulator. The Solution was stirred at 
280 revolutions per minute (RPM) with a Heidolph RZR 
2000 stirrer. Thermoactinomyces intermedius heat-dried 
cells (4.08 g, 333 u phenylalanine dehydrogenase) and 
Candida boidinii heat-dried cells (1.42 g, 55 u formate 
dehydrogenase) were added to the stirred solution. After 30 
min the cells were dispersed by the stirrer. At this time the 
pH was brought from about 7.1 back to pH 8 by addition of 
concentrated ammonium hydroxide Solution (about 0.5 ml). 
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The reactor was kept covered with parafilm to minimize 
evaporation. After 3 h, a Small addition of ammonium 
hydroxide was required to adjust the pH to 8.0. Thereafter 
the pH rose to 8.1 to 8.2 after 6 h, and about 8.5 after 19 h. 
After the conversion of 5-(1,-dioxalan-2-yl)-2-oxo 
pentanoic acid to 5-(1,3-dioxalan-2-yl)-(S)-2-amino 
pentanoic acid was complete, as judged by HPLC, cells were 
removed by centrifugation of the Suspension for 15 min at 
13,000 rpm in the Sorvall GSA rotor (27.504xg). The cell 
pellet was resuspended using a glass rod in 20 ml water and 
centrifuged for 10 min at 20,000 rpm (47.807xg) in the 
Sorvall SS34 rotor. This wash step was repeated 3 more 
times, and the Supernatants were combined with the first 
Supernatant. The HPLC yield at the end of the reaction was 
6.85 g 5-(1,3-dioxolan-2-yl)-(S)-2-amino-pentanoic acid 
(74.9 M% corrected for the 91% HPLC purity of the input 
ketoacid). The enantiomeric excess was greater than 98%. 

EXAMPLE 4 

Reductive Amination With Heat-dried Recombinant 
E. coli and Heat-dried Candida boidinii 

5-(1,3-dioxalan-2-yl)-2-oxo-pentanoic acid (20.0 g, 
106.28 mmoles), ammonium formate (7.018 g, 111.29 
mmoles), and a magnetic Stirring bar were added to a 500 ml 
beaker, 300 ml water and 9 ml concentrated ammonium 
hydroxide solution (29.6%) were added to the beaker and 
stirred until the Solids were dissolved. The pH was adjusted 
to 8 by adding additional ammonium hydroxide as neces 
sary. Dithiothreitol (65.6 mg, 0.425 mmoles) and NAD (282 
mg, 0.425 mmoles were added and stirred to dissolve. Water 
was added to bring the volume to 400 ml and the solution 
was poured into a 1-liter (L) jacketed reactor. The beaker 
was rinsed with 12 ml water and the rinse was added to the 
reactor. The reactor was maintained at 40 C. with a Neslab 
RTE-110 bath/circulator. The Solution was stirred at 350 
RPM with a Heidolph RZR-2000 stirrer. E. coli BL21 (DE3) 
(pPDH155K) (SC16144 heat-dried cells (0.360 g. 666 u 
phenylalanine dehydrogenase) and Candida boidinii heat 
dried cells (3.116 g, 110 u formate dehydrogenase) were 
added to the stirred Solution. After 5 to 10 min the cells were 
dispersed by the stirrer. At this time the pH was brought from 
about 7.2 back to pH 8 by addition of concentrated ammo 
nium hydroxide solution (about 1.4 ml). The reactor was 
kept covered with parafilm to minimize evaporation. After 3 
h, a Small addition of ammonium hydroxide was required to 
adjust the pH to 8.0. Thereafter the pH rose to about 8.4 after 
16 h. When the conversion of 5-(1,3-dioxalan-2-yl)-2-oxo 
pentanoic acid to 5-(1,3-dioxolan-2-yl)-(S)-2-amino 
pentanoic acid was complete, as measured by HPLC, the 
Suspension was removed from the reactor and stored at 4 C. 
until removal of cells. Cells were removed by filtration on a 
Buchner funnel with the acid of a celite admix and precoat. 
The filtrate was then ultrafiltered with a 10,000 molecular 
weight (MW) cutoff polysulfone membrane. The HPLC 
yield at the end of the reaction and filtrations was 12.5 g. 
5-(1,3-dioxolan-2-yl)-(S)-2-amino-pentanoic acid (71.0 M 
% corrected for the 88% HPLC purity of the input ketoacid). 

EXAMPLE 5 

Reductive Amination With Recombinant Pichia 

An extract of Pichia pastoris strain SMD1168 containing 
plasmid pPDH9K/10 (ATCC accession no. 74408) was 
prepared by Suspending 100 mg cells per ml in 50 mM 
potassium phosphate buffer pH 7.3 containing 1 mM dithio 
threitol and 0.2% Triton X-100 and disrupting for 5 min at 
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4 with a bead mill containing glass beads. The extract was 
microfuged for 5 min at 10000 rpm. The extract contained 
2.44 units (u)/ml formate dehydrogenase and 15.4 u/ml 
phenylalanine dehydrogenase and the activity of the wet 
cells was taken as 24.4 u/gwet cells formate dehydrogenase 
and 154 u/g wet cells phenylalanine dehydrogenase. 5-(1, 
3-dioxalan-2-yl)-2-oxo-pentanoic acid (Li Salt) (1.0 g, 
5.1517 mmoles) and ammonium formate (389.8 mg, 6.182 
mmoles) were dissolved in 20 ml water. Dithiothreitol (3.28 
mg, 0.0213 mmoles) and NAD (14.1 mg, 0.0206 mmoles) 
were added. The pH of the solution was 8.16. 

a. Pichia extract (0.112 ml containing 0.273 u formate 
dehydrogenase and 1.723 u phenylalanine 
dehydrogenase) was added to 1 ml of the Solution 
containing the ketoacid and incubated for 25 h in a 
capped microfuge tube at 40°C. The HPLC yield at the 
end of the reaction was 0.038 g 5-(1,3-dioxolan-2-yl)- 
(S)-2-amino-pentanoic acid (92.6 M% corrected for 
93% HPLC purity and 9.4% Karl Fischer (KF) water of 
the input ketoacid. Enantiomeric exceSS was greater 
than 98%. 

b. The remaining 19 ml of solution containing the Sub 
Strate was added to Pichia wet cells (0.214 g containing 
5.23 u. formate dehydrogenase and 32.93 units pheny 
lalanine dehydrogenase) in a 50 ml Erlenmeyer flask. 
The pH of the suspension was 8.04. The cells had been 
stored frozen at -15 C. The flask was capped with 
parafilm and incubated on a rotary shaker at 40 C. and 
200 rpm for 25 h. The HPLC yield at the end of the 
reaction was 0.7506 g 5-(1,3-dioxolan-2-yl)-(S)-2- 
amino-pentanoic acid (96.2 M% corrected for 93% 
HPLC purity and 9.4% KF water of the input ketoacid. 
Enantiomeric excess was greater than 98%. 

c. Deionized water (200 ml), ammonium formate (7.796 
g, 123.63 mmoles), and 5-(1,3-dioxolan-2-yl)-2-oxo 
pentanoic acid, lithium salt (20g, 103.03 mmoles) were 
added to a 500-mljacketed reactor maintained at 40 C. 
and stirred at 250 RPM. After the Solids had dissolved, 
NAD (66.34 mg., 0.1 mmoles), and heat-dried Pichia 
(1.6406 g containing 666 units phenylalanine dehydro 
genase and 150 units formate dehydrogenase) were 
added. The pH was adjusted to 8.0 with conc. NHOH. 
The pH was adjusted from 8.76 to 8 by addition of 
formic acid (99%) after 7h. The pH was again adjusted 
to 8 with formic acid after 10 and 23 h. After 25 h the 
yield of 5-(1,3-dioxolan-2-yl)-(S)-2-amino-pentanoic 
acid was 17.16 g ((98.3%) corrected for purity of the 
input ketoacid. Enantiomeric exceSS was greater than 
98%. Cells were removed by centrifugation and protein 
was removed by ultrafiltration. 

EXAMPLE 6 

Reductive Amination With Immobilized Enzymes 
Phenylalanine dehydrogenase from a recombinant E. coli 

extract was immobilized on Eupergit C250L (from Rohm 
GmbH) and formate dehydrogenase from Candida boidinii 
extract was immobilized on Eupergit C (from Rohm GmbH) 
according to the directions of the manufacturer. The reac 
tions contained in a volume of 100 ml: 5-(1,3-dioxolan-2- 
yl)-2-oxo-pentanoic acid, lithium Salt (5.0g, 25.8 mmoles), 
ammonium formate (1.754 g, 27.8 mmoles), dithiothreitol 
(16.4 mg., 0.106 mmoles), NAD (70.5 mg, 0.103 mmoles), 
recombinant phenylalanine dehydrogenase immobilized on 
Eupergit C250L (4.35 g, 166.5 units), and Candida boidinii 
formate dehydrogenase immobilized on Eupergit C (7.29 g, 



US 6,468,781 B1 
25 

27.5 units). pH was adjusted to 8.0 with NHOH and formic 
acid, and temperature was 40 C. At the end of each reaction, 
the Solution was drained from the reactor through a stainleSS 
steel sieve, 80/400 mesh, which retained the immobilized 
enzymes, then fresh Solution was added to the reactor. The 
enzymes were used for 6 reactions as shown in the table. 
Enantiomeric exceSS was greater than 98% for each reaction. 

5-(1,3-dioxolan-2- 
yl)-(S)-2-amino 
pentanoic acid 

Yield corrected for 
Reaction Time purity of input 

Use H S. % 

1. 26 2.76 61.9 
2 26 2.70 60.5 
3 45 3.73 83.5 
4 69 4.37 97.8 
5 48 3.03 67.9 
6 12O 3.83 85.8 

EXAMPLE 7 

Pichia Recombinant for C. boidinii Formate 
Dehydrogenase and T intermedius Phenylalanine 

Dehydrogenase 

Deionized water (10.0 ml), ammonium formate (389.8 
mg, 6.18 mmoles), and 5-(1,3-dioxolan-2-yl-2-oxo 
pentanoic acid, lithium salt (1.0 g, 5.15 mmoles) were added 
to a 50-ml Erlenmeyer flask and mixed on a rotary shaker at 
40° C. and 200 rpm. After the solids had dissolved, NAD 
(3.32 mg, 0.005 mmoles), and wet cells of Pichia strain 
SC16245 double constitutive recombinant for T. intermedius 
phenylalanine dehydrogenase and C. boidinii formate dehy 
drogenase (0.67 g containing 40.9 units phenylalanine dehy 
drogenase and 7.24 units formate dehydrogenase) were 
added. The pH was adjusted to 8.0 with conc. NHOH. The 
flask was capped with parafilm and incubated on a rotary 
shaker at 40° C. and 200 rpm. After 25 h the yield of 
5-(1,3-dioxolan-2-yl)-(S)-2-amino-pentanoic acid was 0.98 
g (100%) corrected for purity of the input ketoacid. The 
enantiomeric exceSS was greater than 98%. 

EXAMPLE 8 

The following process description details the procedure 
used to prepare 91.5 g (77.9 M%) of 4-(3-bromopropyl)- 
1,3-dioxolane from THF. 

Preparation of 4-(3-bromopropyl)-1,3-dioxolane 
THF (50 mL) and dichloromethane (500 mL) were added 

to a 1 L three neck flask equipped with a nitrogen inlet, a 
thermocouple, an HBr Sparge tube and a gas vent. HBr gas 
(-63 g) was charged to the Solution while maintaining the 
reaction temperature between 20 and 25 C. The addition of 
HBr gas was continued until the reaction was judged com 
plete (GC Area % for THF is <10%, actual 3.5 Area %). 

Subsequently, the reaction mixture was purged with nitro 
gen to remove excess HBr gas and washed with 8 w/v % 
sodium bicarbonate (2x220 mL) to afford a methylene 
chloride solution of 4-bromo-butanol (GC Area %=90.5, 
apparent pH=6.9). The resulting solution of 4-bromo 
butanol and potassium bromide Solution (5 g in 25 mL) was 
added to a 2 L three necked round bottomed flask equipped 
with an overhead Stirrer, nitrogen inlet, thermocouple and a 
1 L pressure equalizing addition funnel. With agitation, the 
contents of the reaction flask were cooled to -5 to +5 C. To 
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the reaction flask, an 8 w/v. '76 Sodium bicarbonate Solution 
(81 mL) and 2.2,6,6-tetramethyl-1-piperidinyloxy, free radi 
cal (0.675 g) were added. With vigorous stirring, titrated 
5.25% sodium hypochlorite solution (874 mL) was added to 
the reaction mixture over ~1 hour maintaining the tempera 
ture in the range -5 to +25° C. Following complete addition 
the reaction was complete as judged by in-process GC 
analysis (<3 Rel A % 4-bromobutanol). The phases were 
allowed to Separate and the aqueous layer was extracted with 
methylene chloride (150 mL). The combined organic layers 
were washed with aqueous acidified potassium iodide Solu 
tion (1.19 g of potassium iodide in 125 mL of 10 w/v % 
HCl), 6.4 w/v % sodium thiosulfate solution (125 mL) and 
water (2x125 mL). The resulting methylene chloride solu 
tion of 4-bromobutanal(GCAP=91.5), ethylene glycol (39.0 
g) and para-toluenesulfonic acid (7.25 g) were charged to a 
2 L three neck round bottomed flask equipped with an 
overhead Stirrer, nitrogen inlet, thermocouple heater and a 
Dean-Stark water Separator with condenser. The reaction 
mixture was heated to reflux with azeotropic removal of 
water, until the reaction was complete as judged by GC 
analysis (<2 area % 4-bromobutanal unreacted). After cool 
ing to 20 to 25 C., the reaction mixture was washed with 10 
w/v % potassium carbonate solution (250 mL) and water 
(2x250 mL). The resulting methylene chloride solution of 
4-(3-bromopropyl)-1,3-dioxolane was concentrated to one 
half the original Volume and tetrahydrofuran was added. 
Concentration was continued until less than 0.2% methylene 
chloride was present in the product Solution containing 91.5 
g of 4-(3-bromopropyl)-1,3-dioxolane (77.9 M%, GC area 
%=89.4, retention time of 7.9 min). 

In-Process GC method: 

Instrument: HP 5890 Series II Gas Chromatograph 
Injector Temp: 200° C. 
Column: Restek RTX-5; 30 m; 0.32 mm ID 
Oven Program: 2 min(GD50 C., ramp up at 25 C./min to 

275° C., 8 min(a)275° C., 
Detection: FID 

Detector temperature: 300° C. 
Sample preparation: dilute with methylene chloride 

Retention times 

4-bromobutanol 6.4 min 
4-bromobutyraldehyde 5.6 min 
4-(3-bromopropyl)-1,3-dioxolane 7.9 min 
Late eluting impurity in BMS-207170 10.8 min 

(4-(3-bromopropyl)-1,3-dioxolane)-H-NMR: 300 MHz: 
CDC1: 81.8 (m, 2H), 2.0 (m, 2H), 3.45 (tr., 2H), 3.85 (m, 
24), 3.95 (m, 2H) and 4.9 (tr. 1H). 'C-NMR: 75 MHz: 
CDC1: 826.94, 32.03, 33.46, 64.72 and 103.42. 

EXAMPLE 9 

The following process description details the procedure 
used to prepare 34 g (68 M%) of Lithium-5-(1,3-dioxolan 
2-yl)-2-oxo-pentanoate from 50 g of 4-(3-bromopropyl)-1, 
3-dioxolane. 

Preparation of Lithium-5-(1,3-dioxolan-2-yl)-2-oxo 
pentanoate 

Under a nitrogen atmosphere, magnesium (6.55 g) and 
dry tetrahydrofuran (30 mL) were charged to a clean dry 500 
mL three neck flask. To this Suspension, a tetrahydrofuran 
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Solution of 4-(3-magnesiobromopropyl)-1,3-dioxolane (5 
mL) was added and the mixture was stirred for 10 to 30 
minutes. A tetrahydrofuran Solution of 4-(3-bromopropyl)- 
1,3-dioxolane was prepared by dissolving the bromoacetal 
(50 g) in tetrahydrofuran (130 mL). Following observation 
of an exotherm (2–7 C.), a tetrahydrofuran solution of 
4-(3-bromopropyl)-1,3-dioxolane (5 mL) was added to the 
reaction mixture. Following observation of an exotherm 
(2-5 C.), the remaining tetrahydrofuran solution of 4-(3- 
bromopropyl)-1,3-dioxolane was added to the reaction mix 
ture slowly over 2 to 4 hours maintaining the temperature in 
the range of 25 to 35° C. Following complete addition, the 
reaction mixture was stirred until formation of the grignard 
reagent was complete as judged by in-proceSS GC assay 
(<1% unreacted bromide). Diethyl oxalate (29.85 g) and 
tetrahydrofuran (78 mL) were added to a clean dry 500 mL 
three neck round bottom flask, equipped with a nitrogen 
inlet, Overhead Stirrer and a cryogenic cooling bath. The 
resulting Solution of diethyl oxalate was cooled to -60 to 
-78° C. and the tetrahydrofuran solution of 4-(3- 
magnesiobromopropyl)-1,3-dioxolane was added slowly 
maintaining the temperature in the range -60 to -78 C. The 
coupling reaction mixture was stirred at -60 to -78 C. for 
about 2 hours until the coupling reaction was judged to be 
complete by in-process GC analysis (the level of unreacted 
diethyl oxalate changes by NMT 0.5% in consecutive 
assays). The coupling reaction mixture at-60 to -78°C. was 
rapidly charged to a chilled (0-5 C.), agitated, biphasic 
mixture of methyl tertiary butyl ether (100 mL) and 12.5 w/v. 
% aqueous citric acid. The phases were Separated and the 
aqueous layer was extracted with methyl tertiary butyl ether 
(100 mL). The combined organic layers were washed with 
a pH 6.5 to 7.0, 10 W/V % Sodium dihydrogen phosphate 
buffer (100 mL). The resulting methyl tertiary butyl ether 
solution of Methyl-5-(1,3-dioxolan-2-yl)-2-oxo-pentanoate 
was cooled to 0 to 5 C. and a lithium hydroxide solution (85 
mL, 9.90 g lithium hydroxide monohydrate in 80 mL of 
water) was added maintaining the temperature at <5 C. The 
biphasic reaction mixture was stirred at 0 to 10° C. until the 
Saponification was judged to be complete by in-process GC 
analysis (<1 relative area % vs the T=0 sample). Following 
complete reaction the phases were Separated and the organic 
layer was extracted with water (10 mL). The combined 
acqueous phases were warmed to 15 to 30° C. and diluted 
with isopropanol (800 mL) over no less than 20 minutes. The 
resulting crystal slurry was agitated at 15 to 30° C. for about 
1 hour and was then cooled to 0-5 C. and stirred until the 
product concentration in the Supernatant was less than 8 M 
%. The lithium-5-(1,3-dioxolan-2-yl)-2-oxo-pentanoate was 
collected on a filter and the wet-cake was washed with cold 
(0-5° C) aqueous isopropanol (1:8, 75 mL). The wet-cake 
was dried in vacuo at 40-50° C. to afford lithium-5-(1,3- 
dioxolan-2-yl)-2-oxo-pentanoate as white free-flowing crys 
tals (34.0 g, 68.0 M %, HPLC Retention time=4.0 min, 
HPLC AP-94%). 
HPLC method: Column; YMC basic 5 micon particle 

size, 4.6x250 mm, solvent; 10:90 Acetonitrile:0.01 M 
ammonium acetate, flow rate=1 mL/m, and detection is 
UVG210 nm. 

Analytical data: "H-NMR: 300 MHz: DO: 81.5-1.6 (m, 
4H), 2.65 (tr., 2H), 3.7–3.9 (m, 4H) and 4.8 (tr. 1H). 
C-NMR: 75 MHz: DO: 817.62, 33.39, 39.17, 64.97, 

114.26, 171.86 and 206.99. 
EXAMPLE 10 

The following process description details the procedure 
used for isolating 5-(1,3-dioxolan-2-yl)-(S)-2-amino 
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pentanoic acid from the enzymatic reductive amination 
process streams after ultrafiltration through a 10,000 MW 
limit filter. 

Isolation of 5-(1,3-dioxolan-2-yl)-(S)-2-amino 
pentanoic acid 

In acqueous Solution of (S)-a-Amino-1,3-dioxolane-2- 
pentanoic acid concentration=16 g/L, 3500 mL volume) 
which is contaminated with oxalic acid (concentration=7.74 
mM) was sparged with nitrogen. The pH of the solution was 
adjusted from 8.6 to about 6.5 by the addition of 30 w/v % 
acetic acid (55 mL) and Sparging with nitrogen was discon 
tinued. Following pH adjustment, 1 M calcium chloride 
solution (81.4 mL) was added to the neutralized product 
Solution based on the level of contamination with Oxalic 
acid. The resulting Slurry was stirred at room temperature for 
20–30 minutes, at 60° C. for 30-60 minutes and was 
concentrated in vacuo at ~50° C. to 900 mL. The resulting 
slurry was filtered, the filtrate was tested for residual oxalic 
acid (Sigma kit 591) and was concentrated in vacuo further 
to 350 mL. With agitation, methanol (1400 mL) was added 
to the concentrate and the resulting mixture was heated at 
55-60C. for about 1 hour. The resulting crystal slurry was 
cooled to 1-5 C. over 1-1.5 hours and held at that tem 
perature for 2–4 hours. The product crystals were collected 
on a filter, washed with cold methanol and dried in vacuo at 
40–50° C., until the LOD was less than 1% to afford 
5-(1,3-dioxolan-2-yl)-(S)-2-amino-pentanoic acid (44.7 g, 
78.5% recovery, 97.7% potency vs std, HPLC AP=98.9%, 
HPLC retention time=2.7 minutes, residual Renantiomer= 
ne (not evident)) as white crystals. 
HPLC method: Column: YMC ODS AO 4x50 mm, 

Solvent; copper Sulfate pentahydrate, 782 mg/L in water, 
flow rate=1 mL/m, and detection is UVO 230 nm, retention 
time=2.7 minutes. 

EXAMPLE 11 

The following process description details the procedure 
used to prepare 17.4 g (80.8 M%) of (S)-2-Amino-6,6- 
dimethoxyhexanoic acid, methyl ester from 20.0 g of 5-(1, 
3-dioxolan-2-yl)-(S)-2-amino-pentanoic acid. 

Preparation of (S)-2-Amino-6,6-dimethoxyhexanoic 
acid, methyl ester 

Under nitrogen, chlorotrimethylsilane (28.0 g) was added 
to a slurry of 5-(1,3-dioxolan-2-yl)-(S)-2-amino-pentanoic 
acid (20.0 g) and dimethylsulfite (12.0 g) in methanol (240 
mL) to afford a homogeneous Solution. Following the obser 
vation of an exotherm to 29 C., the Solution was heated to 
40-45 C., stirred at that temperature for 8 h and at ~22 C. 
for up to 72 hours. In-process HPLC analysis showed that 
the reaction was complete (-93 M% conversion to product) 
and the resulting solution was cooled to -5 to -10° C. With 
Stirring, the apparent pH of the mixture was adjusted to 11.7 
to 11.9 by the slow careful addition of 32% (or 4.45 M) 
methanolic potassium methoxide Solution (70 mL) main 
taining the temperature in the range -5 to 0°C. Analysis of 
the product slurry (NMR) indicated that the neutralization 
was complete (chemical shift of the alpha proton of BMS 
205787 was <3.36 ppm). The solvent of the product slurry 
was eXchanged with ethyl acetate by first concentrating the 
thin slurry under vacuum at <30 C. to 300 mL volume 
followed by the addition of ethyl acetate until the removal of 
methanol was completed as judged by in-process GC analy 
sis (<1 AP). Upon completion of the Solvent exchange, the 
batch volume was adjusted to ~400 mL with ethyl acetate 
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and the resulting slurry was filtered. Poly(acrylic acid 
co-acrylamide), potassium Salt (3.0 to 3.2 g) and water 
(30–32 mL) were added to the filtrate. The mixture was 
stirred for ~35 minutes and filtered. Optionally, the Poly 
(acrylic acid co-acrylamide), potassium Salt treatment can be 
repeated on the filtrate if the quantity of ethylene glycol 
exceeds 0.15 equivalents, as judged by in-proceSS GC analy 
sis. Following in-process HPLC analysis, (S)-2-Amino-6,6- 
dimethoxyhexanoic acid, methyl ester (17.4 g) was obtained 
as an ethyl acetate solution in 80.8 M% yield. 

Analytical data: HPLC: Tr=7.1 min (UV 215): Mac-Mod 
Analytical, Zorbax CN 5 micro M, 4.6x250 mm, 72 v/v 9% 
(0.02 M ammonium phosphate solution): 28 V/v % 
acetonitrile, 20 micro L injection volume eluted at 1.0 
mL/min. Dilute 300 micro L to 5 mL with mobile phase. 

EXAMPLE 12 

The following process description details the procedure 
used to prepare 62.5 g (78.7 M%) of (S)-2-Amino-6,6- 
dimethoxyhexanoic acid, methyl ester oxalic acid salt (1:1) 
from 50 g of 5-(1,3-dioxolan-2-yl)-(S)-2-amino-pentanoic 
acid. 

Preparation of (S)-2-Amino-6,6-dimethoxyhexanoic 
acid, methyl ester oxalic acid Salt (1:1) 

To a 250 mL, 3 neck flask equipped with a mechanical 
agitator, thermocouple, heating mantle, condenser, nitrogen 
inlet and vent, (5-(1,3-dioxolan-2-yl)-(S)-2-amino 
pentanoic acid (50 g), methanol (300 mL) and dimethyl 
sulfite (11.2 mL) were charged. Chlorotrimethylsilane (83.9 
mL) was added to the resulting slurry and the reaction 
mixture was heated at 40 to 42 C. for about 8 hours, 
followed by Stirring at ambient temperature for eight hours. 
Potassium bicarbonate (104.3 g) was slurried in methanol 
(200 mL) contained in a 2-L three neck flask and the reaction 
mixture containing the hydrochloride Salt of (S)-2-Amino 
6,6-dimethoxyhexanoic acid, methyl ester was neutralized 
by adding it to the potassium bicarbonate slurry maintaining 
the pH of mixture above 7. Hyflo (12.5 g) and n-butyl 
acetate (400 mL) were added and the mixture was concen 
trated under vacuum (76 to 180 mmHg) to remove methanol 
maintaining the temperature of the mixture below 30° C. 
tert-Butyl methyl ether (300 mL) was added to the slurry and 
after cooling to -5° C., the Salts of neutralization were 
removed by filtration and the filter cake was washed with 
tert-Butyl methyl ether (50 mL). The combined filtrates were 
warmed to 20 to 25 C. and a warm (-27° C) methanolic (73 
mL) solution of oxalic acid dihydrate (36.7 g) was added 
portion wise over about 1 hour. The resulting slurry of 
(S)-2-Amino-6,6-dimethoxyhexanoic acid, methyl ester 
Oxalic acid Salt (1:1) was agitated for 30 minutes and 
additional product was crystallized by the slow addition of 
tert-butyl methyl ether (800 mL). After stirring the product 
slurry for 30 minutes, it was cooled to 0 to 5 C., held for 
at least 1 hour, and filtered. The wet-cake was washed with 
tert-butyl methyl ether (2x300 mL) and dried under vacuum 
(~200 mm Hg) at no more than 40° C. The product, 
(S)-2-Amino-6,6-dimethoxyhexanoic acid, methyl ester 
Oxalic acid Salt (1:1) (62.5 g), was isolated as a white free 
flowing powder in 78.7 M% corrected yield from (S)-2- 
Amino-6,6-dimethoxyhexanoic acid, methyl ester, having 
an HPLC AP of 97.0 and a free base potency (vs. lab 
standard) of 68.3%. 

Analytical data: HPLC: Tr=13.5 min (UV 205 nm): 
Rockland Technologies Inc., Zorbax CN 5 micro M, 4.6x 
250 mm (product #880952.705), 85 v/v % (0.01 M potas 

15 

25 

35 

40 

45 

50 

55 

60 

65 

30 
sium phosphate solution): 15 V/v % acetonitrile, 10 microL 
injection volume eluted at 1.0 mL/min. The HPLC response 
was found to be linear in the range of 0.16 to 1.5 mg/mL. 
Samples may be diluted with methanol or mobile phase. 

Analytical data: H-NMR: 300 MHz: CDOD: 81.3–1.6 
(m, 4H), 1.8-2.0 (m, 2H), 3.3 (s, 6H), 3.8 (s, 3H), 4.1 (tr., 
1H), 4.4 (tr. 1H) and 5.1 (brs, 3H). 'C-NMR: 75 MHz: 
CDOD: 821.03, 31.29, 33.06, 53.56, 53.65, 53.89, 105.74, 
166.49 and 171.14. 

EXAMPLE 13 

The following process description details the procedure 
used to prepare 100.3 g (78 M% corrected) of (S)-2-Amino 
6,6-dimethoxyhexanoic acid, methyl ester oxalic acid Salt 
(2:1) from 100 g of 5-(1,3-dioxolan-2-yl)-(S)-2-amino 
pentanoic acid. 

Preparation of (S)-2-Amino-6,6-dimethoxyhexanoic 
acid, methyl ester oxalic acid Salt (2:1) 

To a 250 mL, 3 neck flask equipped with a mechanical 
agitator, thermocouple, heating mantle, condenser, nitrogen 
inlet and vent, 5-(1,3-dioxolan-2-yl)-(S)-2-amino-pentanoic 
acid (100g), methanol (1200 mL) and dimethylsulfite (44.8 
mL) were charged. Chlorotrimethyl silane (168 mL) was 
added to the resulting slurry and the reaction mixture was 
heated at 40 to 42 C. for about 8 hours, followed by stirring 
at ambient temperature for eight hours to afford a Solution of 
(S)-2-Amino-6,6-dimethoxyhexanoic acid, methyl ester 
hydrochloride salt (in-process quantitation 100.9 g, 93 M 
%). Potassium bicarbonate (208.6 g) as slurried in methanol 
(400 mL) contained in a 5-L three neck flaskand the reaction 
mixture containing the hydrochloride Salt of (S)-2-Amino 
6,6-dimethoxyhexanoic acid, methyl ester, was neutralized 
by adding it to the potassium bicarbonate slurry (over 1.5 
hours) maintaining the pH of mixture above 6.9. The solvent 
of the resulting slurry was replaced with n-butyl acetate by 
vacuum distillation (50 to 60 mmHg and 30 to 40° C.) 
maintaining a pot volume of about 2 L. After 2.25 L of 
n-butyl acetate was distilled, methanol (1.25 L) was added 
to the distillation vessel and the distillation was continued, 
maintaining a pot volume of NLT 2 L., until the water content 
of the slurry Supernatant was <0.05 wt % and the methanol 
level was <5 relative area %. Hexane (1.5 L) was charged to 
the resulting slurry and it was then cooled to -5° C. After 
stirring the mixture for 1 hour, it was filtered and the 
filter-cake was washed with hexane (2x100 mL). The result 
ing hazy filtrate was polish filtered to afford a clear filtrate. 
The clear filtrate was warmed to 20 to 25 C. and a 
methanolic (1333 mL) solution of oxalic acid dihydrate 
(33.3 g) was added slowly over about 2 hours. The resulting 
Slurry of (S)-2-Amino-6,6-dimethoxyhexanoic acid, methyl 
ester oxalic acid Salt (2:1) was agitated for 18 hours at 
ambient temperature and the product was collected on a 
filter. The product wet-cake was washed with acetonitrile 
(4x100 mL) and dried under vacuum at 45° C. to afford 
103.2 g (78 M%) of (S)-2-Amino-6,6-dimethoxyhexanoic 
acid, methyl ester oxalic acid Salt (2:1) having a free base 
potency of 84 wt % (vs. lab standard, theo.=82 wt %) and an 
HPLCAP of 100. 

Analytical data: HPLC: Tr=10.0 min (UV 205 nm): 
Rockland Technologies Inc., Zorbax stable bond CN. 5 
micro-M, 4.6x250 mm, 85 V/v % (0.01 M potassium dihy 
drogen phosphate solution adjusted to pH 7.5 with KOH): 15 
v/v % acetonitrile, 10 micro L injection volume eluted at 1.0 
mL/min. Samples may be diluted with methanol or mobile 
phase. 
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Analytical data: "H-NMR: 300 MHz: DDMSOS 1.2–1.4 
(m, 2H), 1.4-1.6 (m, 2H), 1.6-1.8 (m, 2H), 3.2 (s, 6H), 3.55 
(tr. 1H), 3.7 (s, 3H), 4.3 (tr. 1H) and 5.9 (bris, 4H). 
'C-NMR: 75 MHz: DDMSO: & 21.00, 31.77, 32.08, 
52.04, 52.39, 52.85, 103.75, 165.01 and 173.09. 

EXAMPLE 1.4 

The following process description details the procedure 
used to prepare 60.3 g (80 M% as is of 5-(1,3-dioxolan-2- 
yl)-2-oxo-pentanoic acid from 110 g of 4-(3-bromopropyl)- 
1,3-dioxolane. 

O) 

O COOH 

To a 500 mL 3-necked round bottom flask equipped with 
a dropping funnel, nitrogen line, overhead Stirrer, 
thermocouple, and water bath, magnesium turnings (14.13 
g) were charged. Under a nitrogen atmosphere, the magne 
sium turnings were rinsed with dry tetrahydrofuran (KF= 
0.0016 wt %, 3x70 mL). The flask was charged with 
tetrahydrofuran (70 mL, KF=0.02 wt %) followed by 5 mL 
of an ca. 2 M tetrahydrofuran solution of pre-formed Grig 
nard reagent in tetrahydrofuran. The dropping funnel was 
charged with a neat mixture of 85:15 bromoacetal:chloro 
acetal (110 g, 90:10 wt %). After approximately 0.5 mL of 
the bromoacetal mixture was added to the reaction flask, the 
temperature increased from 20° C. to 25 C. The rate of 
addition was adjusted to maintain a reaction temperature of 
about 30° C. The addition funnel was rinsed with tetrahy 
drofuran (25 mL), and the rinse was added to the reaction 
flask. The addition was complete after ca. 1.5 hours and the 
batch was allowed to cool to room temperature. At this point 
in-process GC analysis of the Grignard reagent indicated 
that 90% of the bromoacetal had converted to the Grignard 
reagent with no cyclobutane impurity, while the chloroacetal 
did not appear to react. 
A 1 L 3-necked round bottom flask was equipped with a 

nitrogen line, overhead Stirrer, and thermocouple. Under a 
nitrogen atmosphere, the flask was charged with diethyl 
oxalate (73.85g) and tetrahydrofuran (250 mL). The solu 
tion was cooled to -60 C., and the liquid portion of the 
Grignard reagent was added to the cooled diethyl oxalate 
solution via cannula to maintain the temperature below -55 
C. The Grignard preparation flask was washed with tetrahy 
drofuran (3x20 mL), and the resulting wash was added via 
cannula. The addition was complete after 1.5 hours, and the 
reaction was stirred for about 2 hours at -60° C. to -55 C. 
The cold reaction mixture was immediately poured into a 
mixture consisting of NHCl (32.1 g), water (100 mL), ice 
(200 g) and ethyl acetate (300 mL). The layers were sepa 
rated and the aqueous layer was extracted again with ethyl 
acetate (2x300 mL). The combined organic layers were 
dried over magnesium Sulfate and concentrated to afford 87 
g (79 M% yield) of 5-(1,3-dioxolan-2-yl)-2-oxo-pentanoic 
acid, ethyl ester as a thick liquid. 
A3 L3-necked round bottom flask was equipped with an 

overhead Stirrer, thermocouple, and an addition funnel con 
taining 1.5 N NaOH (460 mL). The flask was charged with 
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MeOH (700 mL) and cooled to 0° C. The NaOH solution 
was added slowly to the methanol, maintaining the tempera 
ture below 10° C. and upon complete addition, the resulting 
solution was cooled to 0° C. A methanol solution of 5-(1, 
3-dioxolan-2-yl)-2-oxo-pentanoic acid, ethyl ester (350 mL) 
was added to the reaction via dropping funnel at a rate which 
maintained the temperature of the reaction mixture below 3 
C. (addition time 1 hr). The reaction was stirred at 0°C. for 
2 hours and the pH of the reaction was adjusted to 7.71 by 
the addition of 2 M potassium bisulfate (75 mL). The 
methanol was evaporated and the cloudy acqueous Slurry was 
washed with MTBE (3x500 mL). The pH of the aqueous 
layer was adjusted to 4.5 by the addition of 2 M potassium 
bisulfate (100 mL) and extracted with ethyl acetate (500 
mL). The pH of the aqueous layer was further adjusted to 2.0 
by the addition of 2 M potassium bisulfate (50 mL), and 
extracted with ethyl acetate (2x500 mL). The combined 
ethyl acetate extracts were dried over magnesium Sulfate and 
concentrated to afford 5-(1,3-dioxolan-2-yl)-2-oxo 
pentanoic acid (60 g, 80 M% yield) as a thick liquid. 

(5-(1,3-dioxolan-2-yl)-2-oxo-pentanoic acid)-H-NMR: 
300 MHz: CDC1: & 1.75 (brm, 4H), 2.95 (tr., 2H), 3.85 (m, 
2H), 3.95 (m, 2H), 4.85 (tr. 1H) and 7.70 (bris, 1H). 
C-NMR: 75 MHz: CDC1: & 17.27, 32.30, 37.19, 64.85, 

103.94, 160.19 and 195.38. 
Scheme 4 depicts the reaction in examples 15 and 16. 

Scheme 4 

formate dehydrogenase 

ammonium formate 

N-1 

NADH NAD 

O COOL phenylaianine dehydrogenase COOH 
Lithium Salt mol. wt. 191.2 

EXAMPLE 1.5 

Ammonium formate (175 mg, 2.775 mmoles), 6,6- 
dimethoxy-2-oxohexanoic acid, monolithium Salt (50 mg, 
0.255 mmoles), 10 ml water, dithiothreitol (1.64 mg, 10.6 
umoles), NAD (7.05 mg, 10.3 umoles), heat-dried E. coli 
containing cloned phenylalanine dehydrogenase from Ther 
moactinomyces intermedius (50 mg, 62.5 units), and heat 
dried Candida boidinii (82.55 mg, 2.75 units) were added to 
a 50 ml Erlenmeyer flask in that order. The pH was 8.03 
without adjustment. The flask was shaken at 40 C., 200 rpm 
for 18 h. A Chiralpak WH column (Daicel Chemical 
Industries) was used to estimate the concentration of the 
product (S)-2-amino-6,6-dimethoxyhexanoic acid by the 
same method described for 5-(1,3-dioxolan-2-yl)-(S)-2- 
amino-pentanoic acid. No Standards are available for the 
enantiomers, but this material is presumably the S-amino 
acid. The molar yield of amino acid was estimated to be 
74.5%. (5-(1,3-dioxolan-2-yl)-S-2-amino-pentanoic acid 
was used as an HPLC standard to estimate concentration). 
MS: (M+H)", 192. 

EXAMPLE 16 

Ammonium formate (389.8 mg, 6.18 mmoles), 6,6- 
dimethoxy-2-oxohexanoic acid, monolithium Salt (1.000 g, 
5.099 mmoles), 20 ml water, dithiothreitol (3.28 mg, 21.27 
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umoles), NAD (14.1 mg, 20.57 umoles), Pichia wet cells 
stored frozen (0.2255 g containing 5.5 u formate dehydro 
genase and 34.7 units phenylalanine dehydrogenase from 
Thermoactinomyces intermedius) were added to a 50 ml 
Erlenmeyer flask in that order. The pH was adjusted from 
7.56 to 8.0 with NHOH. The flask was shaken at 40° C., 
200 rpm for 43 h. After the reaction, the cells were removed 
by centrifugation and the Supernatant was then ultrafiltered 
with a 10,000 MW cutoff polysulfone membrane (YM10). 
The corrected overall yield of (S)-2-amino-6,6- 
dimethoxyhexanoic acid from reaction initiation to after cell 
and protein removal was estimated with a Chiralpak WH 
column as 108%. 

EXAMPLE 1.7 

The following process description details the procedure 
used to prepare 4.33 g (25 M% as is of 6,6-dimethoxy-2- 
oxo-hexanoic acid) from 10 g of 4,4-dimethoxy-1- 
bromobutane. 

To a 100 mL 3-necked round bottom flask equipped with 
a dropping funnel, nitrogen line, overhead Stirrer, 
thermocouple, and water bath, magnesium turnings (1.7 g) 
were charged. Under a nitrogen atmosphere, the magnesium 
turnings were rinsed with dry tetrahydrofuran (10 mL). The 
flask was charged with tetrahydrofuran (6 mL, KF=0.02 wit 
%) followed by 1 mL of a pre-formed Grignard reagent in 
tetrahydrofuran (4,4-dimethoxy-1-magnesiobromobutane). 
The dropping funnel was charged with a THF solution of 
4,4-dimethoxy-1-bromobutane (10g, in 26 mL of THF). The 
Solution was added dropwise, while maintaining the tem 
perature between 28 and 31 C. After the addition was 
completed, the solution was held at 30° C. for 1 hour. 
A 100 mL 3-necked round bottom flask equipped with a 

nitrogen line, overhead stirrer, and thermocouple was rinsed 
with 20 mL of anhydrous THF. Diethyloxalate (4.85g) and 
THF (10 mL) were charged to the flask and the solution was 
cooled to -70° C. The THF solution of the Grignard reagent 
(4,4-dimethoxy-1-magnesiobromobutane) was charged to 
the diethyloxalate Solution maintaining the temperature 
between -60 and -70° C. The reaction mixture was held at 
-70° C. for 2 hours, when it was judged complete by 
in-process GC analysis (0.5% unreacted diethyloxalate). The 
reaction mixture was quenched by pouring it into a Solution 
of citric acid (5 g citric acid dissolved in 40 mL of water). 
The quenched reaction mixture was extracted with methyl 
tertiary butyl ether (2x20 mL) and the combined methyl 
tertiary butyl ether extracts were washed with a solution of 
pH 6.5 monobasic sodium phosphate (2g in 20 mL of water, 
pH adjusted with 10 N sodium hydroxide solution). The rich 
organic phase was cooled to 2 C. and a lithium hydroxide 
solution (1.4 g of LiOH in 15 mL water) was added dropwise 
maintaining the temperature below 5°C. The reaction mix 
ture was stirred for 30 minutes at 5 C. until in-process GC 
analysis indicated that the reaction was complete (<0.5% 
unreacted ester in the organic phase). The phases were 
Separated and the organic phase was extracted with water (2 
mL). Isopropanol (300 mL was added to the rich aqueous 
phase and the resulting slurry was concentrated to a Solid on 
a rotary evaporator. The Solids were Suspended in a mixture 
of methyl tertiary butyl ether (300 mL) and isopropanol (100 
mL), the slurry was stirred at 3 C. for 1 hour and the product 
was collected on a filter. The product wet-cake was washed 
with cold methyl tertiary butyl ether/isopropanol (75 mL, 
4:1, respectively) and dried under vacuum to afford lithium 
6,6-dimethoxy-2-oxo-hexanoate (4.33 g, 25 M 7% from 
4,4-dimethoxy-bromobutane). 

Analytical data: HPLC: Tr=4.4 min (UV 210 nm): YMC 
basic, 5 micro-M, 4.6x250 mm, 90 v/v % (0.05 Mammo 
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nium acetate solution): 10 v/v % acetonitrile, 10 micro L 
injection volume eluted at 1.0 mL/min. 

Analytical data: 'H-NMR: 300 MHz: DO: & 1.6 (brm, 
6H), 3.3 (s, 6H), and 4.4 (m, 1H). 'C-NMR: 75 MHz: D.O: 
& 18.78, 32.39, 39.70, 54.34, 105.85, and 207.03. 

EXAMPLE 1.8 

The following process description details the procedure 
used for isolating (S)-2-Amino-6,6-dimethoxyhexanoic acid 
from the enzymatic reductive amination process Stream after 
ultrafiltration through a 10,000 MW limit filter. 

Isolation of (S)-2-Amino-6,6-dimethoxyhexanoic 
acid 

An aqueous Solution of (S)-2-Amino-6, 6 
dimethoxyhexanoic acid (concentration=26.5 g/L, 35 mL 
volume) which was contaminated with oxalic acid 
(concentration=5.4 mM) was sparged with nitrogen. The pH 
of the solution was adjusted to about 6.5 by the addition of 
30 w/v 76 acetic acid (1.2 mL) and Sparging with nitrogen 
was discontinued. Following pH adjustment, 1M calcium 
chloride solution (1.3 mL) was added to the neutralized 
product Solution based on the level of contamination with 
Oxalic acid. The resulting slurry was stirred at room tem 
perature for 20–30 minutes, at 55 C. for 30 minutes and was 
filtered to remove calcium oxalate. The filtrate was stirred 
with Darco G-60 for 30 minutes and was filtered through 
HyFlo. The filtrate was concentrated in vacuousing n-bu0H 
to remove water azeotropically, affording a foam (2.04 g). 
The foam was dissolved in methanol (5.1 mL) and mixed 
with acetonitrile (15 mL). The solution was seeded with 
(S)-2-Amino-6,6-dimethoxyhexanoic acid and cooled in an 
ice bath for 4 hours. The product was collected on a filter and 
the wet-cake was dried under vacuum at 50° C. for 4 hours 
to afford (S)-2-Amino-6,6-dimethoxyhexanoic acid (0.392 
g, 35.6 M% from the input solution), HPLC area percent= 
97.6). 

Analytical data: HPLC: Tr=3.6 min (UV 230 nm): YMC 
ODS AQ, 4.6x50mm, anhydrous copper sulfate(GD500 mg/L 
concentration, 10 micro L injection Volume eluted at 1.0 
mL/min. 

Analytical data: "H-NMR: 300 MHz: DO: & 1.3–1.5 (m, 
2H), 1.6–1.75 (m, 2H), 1.8-2.0 (m, 2H), 3.4 (s, 6H), 3.75 (tr. 
1H) and 4.6 (tr. 1H), 13C-NMR: 75 MHz: D.O: & 19.89, 
30.57, 32.05, 53.82, 55.11, 105.07 and 175.05. 

EXAMPLE 1.9 

Dual Constitutive Expression of FDH and PDH 

1. Construction of recombinant strain Pichia pastoris 
GS115 (pGAPZ-FDH) 

pGAPZ is a vector obtained from Invitrogen (Carlsbad, 
Calif.). It permits expression of foreign genes in P. pastoris 
under control of the constitutive glyceraldehyde 
3'-phosphate promoter. The formate dehydrogenase (fdh) 
gene from Candida boidinii was cloned into pGAPZ as 
follows: 
The DNA sequence of the cloned C. boidiniifah gene was 

determined and used to created oligonucleotide primers for 
its amplification using the polymerase chain reaction (PCR). 
The prime rS Wee (NH terminus) 
5'-GGAATTCCATATGAAGATCGTTTTAGTCTTA'3" 
(SEQ. ID. No.: 1) and (COOH terminus) 
5'-CCTTAAGAATAATAAAGAATAGACAAATGG-3' 
(SEQ.ID.No.:2). C. boidinii chromosomal DNA was used as 
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target in the PCR reaction. The PCR reaction yielded a 
single DNA fragment of the expected size (ca. 1100-base 
pairs) which was isolated, purified, and cleaved with restric 
tion endonuclease EcoRI. The digested PCR product was 
ligated with EcoRI-treated pCAPZ DNA and the ligation 
mix was transformed by electroporation into E. coli Strain 
TOP 10 F". Transformed cells were selected on LB agar 
medium containing 25 mg/ml of the antibiotic Zeocin 
(Invitrogen). Eighteen colonies were tested for the presence 
of the fah gene by PCR; three were positive. The fah gene 
was Sequenced and determined to be the Same as disclosed 
by Sakai, Y., et al. J. of Bacteriology, 179 pp. 4480–4485 
(1997). One colony containing plasmid pGAPZ-FDH was 
chosen for further use. Plasmid DNA was isolated from TOP 
10 F(pGAPZ-FDH), linearized with restriction endonu 
clease Avril, and electroporated into P. pastoris GS115. 
Transformants containing multiple integrated copies of 
pGAPZ-FDH were selected by spreading the cells onto 
medium containing 2 g/l Zeocin. Several Such colonies were 
obtained and found to possess at least twice the FDH activity 
of cells containing only pGAPZ (P. pastoris contains its own 
FDH gene). The isolate giving the highest specific FDH 
activity was chosen for further work and designated GS115 
(pGAPZ-FDH). 

2. Construction of pGAPk-PDH 
The next Step in the construction of the dual constitutive 

expression Strain was the introduction of a recombinant 
phenylalanine dehydrogenase (pdh) gene into GS115 
(pGAPZ-FDH). Since this strain was already Zeocin 
resistant, a plasmid containing the constitutive promoter but 
permitting an alternative means of Selection for transfor 
mants was created. A 546-base pair Bg|II/Not restriction 
fragment of pCAPZ which contained the glyceraldehyde 
3'-phosphate promoter region was cloned into a 9000-base 
pair BamHI/Not fragment of pPIC9k (Invitrogen). The new 
plasmid was named pCAPk. pGAPk allows selection of 
transformants on minimal medium due to the presence of a 
functional HIS4 gene which complements a defective ver 
sion present in GS115. Multiple integrants can be selected 
using resistance to antibiotic G418, also encoded by the 
plasmid. A map of pGAPk is attached. 

3. Construction of recombinant plasmid pCAPk-PDH and 
transformation of GS115(pGAPZ-FDH) 

Using the published DNA sequence of the Thermoacti 
nomyces intermedius phenylalanine dehydrogenase gene 
(Takada, H., et al., J. of Biochem., 109, pp. 371-376 (1991)), 
DNA primers corresponding to the NH (5'- 
CGGAATTCAAGATGCGCGACGTGTTTGAAATG-3") 
(SEQ. ID. No.:3) and COOH (5'- 
CGTTCTCGCGTTCCTCCATTGAGCTCGCC-3') 
(SEQ.ID.No.:4) terminii were synthesized. They were used 
for PCR with T. intermedius chromosomal DNA as target 
DNA. A fragment of the expected size (ca. 1100-base pairs) 
was Seen after agarose gel electrophoresis. The DNA was 
purified and digested with restriction endonucleases EcoRI 
and XhoI. pGAPk was cleaved with EcoRI and then partially 
digested with XhoI: the 9500-base pair fragment was iso 
lated following agarose gel electrophoresis. The two frag 
ments were ligated together and transformed into E. coli 
DH 10B cells by electroporation. Transformants were 
screened for the presence of the pdh gene by colony PCR. 
One Such colony was identified and the plasmid named 
pGAPk-PDH. 
pGAPk-PDH was linearized using restriction enzyme 

Avril and electroporated into P. pastoris GS115(pGAPZ 
FDH). Transformants were selected by their ability to grow 
on minimal glucose agar plates. Approximately 10,000 
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colonies were Screened for resistance to G418 (4g11). Sev 
eral resistant colonies were isolated and grown in liquid 
YPD medium, then harvested and assayed for PDH and 
FDH activity. Both activities were present. A use test for the 
bioconversion of 5-(1,3-dioxalan-2-yl)-2-oxo-pentanoic 
acid to 5-(1,3-dioxalan-2-yl)-(S)-2-amino pentanoic acid 
was positive using a cell extract from a recombinant isolate. 

EXAMPLE 2.0 

rPDH Inducible Expression Systems 

1. rPDH expression by recombinant strain E. coli BL21 
(DE3) (pPDH155K). 

Construction of the final recombinant vector 
(pPDH155K) was in two steps: a) the cloning of the Ther 
moactinomyces intermedius PDH gene into plasmid vector 
pET15b (Novagen, Madison, Wis. FIG. 1) to make recom 
binant vector pPDH15b/1; and, b) exchange of the amplicil 
lin resistance marker of plasmid vector pPDH15b/1 with the 
kanamycin resistance marker of vector peT9b (Novagen, 
Madison, Wis. FIG. 2). Expression of the PDH gene in this 
System under the control of the Strong T7 promoter. Induc 
tion of PDH expression is with IPTG (isopropyl B-D- 
thiogalactopyranoside). Expression of the PDH protein is 
intracellular. 

Recombinant strain E. coli BL21(DE3) (pPDH 155K) 
(ATCC 98374) was constructed in the following manner. 
Using published T intermedius phenylalanine dehydroge 
nase (PDH) DNA sequence (Takada, et al., J. of Biochem., 
109, pp. 371-376 (1991)), DNA primers corresponding to 
the 
N-(5"CATGCCATGGTCGACGTGTTTGAAATGATGG3') 
(SEQ. ID. No.:5) and 
C-(5'CCGCTCGAGTTACCTCCTTGCGCTGTTGC3') 
(SEQ.ID.No.: 6) termini of the PDH protein were synthe 
sized and used in a PCR reaction using T intermediuS target 
DNA. The PCR reaction yielded a single DNA fragment of 
expected Size which was isolated, purified and then digested 
with restriction enzymes NcoI and XhoI. The digested PCR 
fragment was ligated with NcoI/XhoI-digested pST15b 
plasmid vector, and the ligation mix transformed by elec 
troporation into E. coli strain BL21(DE3). SDS-PAGE 
analysis of cell extracts from induced cultures of isolate E. 
coli BL21(DE3) (pPDH15b/1) demonstrated the presence of 
an overexpressed protein of correct size. PDH activity 
assays as well as use test for the bioconversion of 5-(1,3- 
dioxalan-2-yl)-2-oxo-pentanoic acid to 5-(1,3-dioxalan-2- 
yl)-(S)-2-amino-pentanoic acid were positive using the 
recombinant cell extracts. 

Vector pPDH15b/1 was then isolated and digested with 
restriction enzymes AlwNI and EcoRI. Digestion of 
pPDH15b/1 with these two enzymes completely drops out 
the amplicillin resistance gene without affecting the PDH 
expression cassette or plasmid replication/maintenance 
functions. Likewise, plasmid vector peT9b was digested 
with the same two restriction enzymes, and the 1.17 kb 
AlwNI/EcoRI DNA fragment containing the kanamycin 
resistance gene was isolated and then used in a ligation 
reaction with the pPDH15b/1 PDH-containing fragment 
(described above). The ligation mix was used to transform 
by electroporation E. coli strain BL21 (DE3). A kanamycin 
resistant transformant E. coli BL21(DE3) (pPDH155K) 
was isolated and verified by PCR for the presence of the 
PDH expression casette. PDH activity assays as well as use 
test for the bioconversion of 5-(1,3-dioxalan-2-yl)-2-oxo 
pentanoic acid to 5-(1,3-dioxalan-2-yl)-(S)-2-amino 
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pentanoic acid using cell lysates from this recombinant 
Strain were positive. 

2. FDH/rPDH expression by recombinant strain Pichia 
pastoris SMD1168 (pPDH9K/10). 

Bioconversion of 5-(1,3-dioxalan-2-yl)-2-oxo-pentanoic 5 
acid to 5-(1,3-dioxolan-2-yl)-(S)-2-amino-pentanoic acid 
involves two enzymes-phenylalanine dehydrogenase 
(PDH) and formate dehydrogenase (FDH). Recombinant 
strain P. pastoris SMD1168 (pPDH9K/10) was constructed 
as a one-cell FDH/rPDH system, utilizing the endogenous 
FDH of P. pastoris and the cloned PDH gene of T. inter 
medius. Construction of the final recombinant vector 
(pPDH9K) was in two steps: a) plasmid vector plCZ-PDH 
was first constructed by cloning the T intermediuS pdh gene 
into plasmid vector plCZ (Invitrogen, San Diego, Calif. 
FIG. 3); and, b) plasmid vector pPDH9K was then con 
structed by transferring the PDH gene cloned in vector 
pICZ-PDH into plasmid vector plC9K (Invitrogen, San 
Diego, Calif.). PDH expression in this system is under the 
control of the AOX1 promoter with induction of expression 
by methanol. Expression of the PDH protein is intracellular. 

Recombinant strain P. pastoris SMD1168 (pPDH9K/10) 
(ATCC 74408) was isolated in the following manner. Using 
the published T intermedius pah DNA sequence. DNA 
primers corresponding to the 25 
N-(5'CGGAATTCAAGATGCGCGACGTGTTTGAAATG3') 
(SEQ. ID. No.:7) and 
C-(5'GGGGTACCCCTCCTTGCGCTGT-TGCGGGG3') 
(SEQ.ID.No.:8) termini of the pdh gene were synthesized 
and used in a PCR reaction using T intermedius target DNA. 30 
The PCR reaction yielded a single DNA fragment of 

15 

SEQUENCE LISTING 

<160> NUMBER OF SEQ ID NOS: 8 

<210> SEQ ID NO 1 
&2 11s LENGTH 31. 
&212> TYPE DNA 
<213> ORGANISM: Candida boidinii 

<400 SEQUENCE: 1 

ggaattic cat atgaagatcg ttittagt citt a 

SEQ ID NO 2 
LENGTH 30 
TYPE DNA 
ORGANISM: Candida boidinii 

<400 SEQUENCE: 2 

ccittaagaat aataaagaat agacaaatgg 

SEQ ID NO 3 
LENGTH 32 
TYPE DNA 

ORGANISM: Thermoactinomyces intermedius 

<400 SEQUENCE: 3 

cggaattcaa gatgcgcgac gtgtttgaaa to 

SEQ ID NO 4 
LENGTH 29 
TYPE DNA 

ORGANISM: Thermoactinomyces intermedius 

38 
expected Size which was isolated, purified and digested with 
restriction enzymes EcoRI and KpnI. The digested PCR 
fragment was ligated with EcoRI/Kpn-digested plasmid 
vector plCZ, and the ligation mix transformed by electropo 
ration into P. pastoris strain GS115. Analysis for PDH 
activity in cell extracts from recombinant isolate P pastoris 
GS115 (plCZ-PDH) was positive. 

Plasmid pCZ-PDH was then digested with restriction 
enzymes Pmel and Not, followed by isolation and purifi 
cation of the 2.5 kb DNA fragment containing the pdh gene 
cassette. Likewise, plasmid vector plC9K was digested with 
the same two restriction enzymes and also purified. The two 
digested DNAS were ligated and the ligation mix trans 
formed into P. pastoris strain SMD1168 using electropora 
tion. Resulting transformants from this electroporation were 
then Screened for resistance to high levels of the antiobiotic 
G418 (4 mg/ml) indicating isolates containing multiple 
plasmid integration events. Eight high G418 resistant colo 
nies were examined for recombinant PDH expression fol 
lowing methanol induction. One isolate IP pastoris 
SMD1168 (pPDH9K/10) demonstrated significantly higher 
levels of PDH activity as compared to the other transfor 
mants tested. FDH activity, as expected, was also noted in 
the cell extract from this isolate. Use test for the bioconver 
Sion of 5-(1,3-dioxalan-2-yl)-2-oxo pentanoic acid to 5-(1, 
3-dioxalan-2-yl)-(S)-2-amino-pentanoic acid was positive 
using cell extracts from this isolate, either when exogenous 
FDH was added to the reaction mixture or when no FDH 
was added to the reaction mixture, demonstrating the effi 
cacy of this one-cell FDH/rPDH system. 

31 

30 

32 
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-continued 

<400 SEQUENCE: 4 

cgttctogcg titccto catt gagctc.gc.c 

SEQ ID NO 5 
LENGTH: 31 
TYPE DNA 

ORGANISM: Thermoactinomyces intermedius 

<400 SEQUENCE: 5 

catgcc atgg togacgtgtt togaaatgatg g 

SEQ ID NO 6 
LENGTH 29 
TYPE DNA 

ORGANISM: Thermoactinomyces intermedius 

<400 SEQUENCE: 6 

cc.gcto gagt tacctoctitg cqctgttgc 

SEQ ID NO 7 
LENGTH 32 
TYPE DNA 

ORGANISM: Thermoactinomyces intermedius 

<400 SEQUENCE: 7 

cgga attcaa gatgcgcgac gtgtttgaaa to 

SEQ ID NO 8 
LENGTH 29 
TYPE DNA 

ORGANISM: Thermoactinomyces intermedius 

<400 SEQUENCE: 8 

ggggtacccc to cittgcgct gttgcgggg 

What is claimed is: 
1. A recombinant methylotrophic yeast host cell capable 

of producing both phenylalanine dehydrogenase (PDH) and 
formate dehydrogenase (FDH) wherein said host cell com 
prises 

(a) recombinant nucleic acid encoding PDH, and 
(b) nucleic acid encoding FDH wherein said nucleic acid 

is endogenous, recombinant, or both endogenous and 
recombinant. 

2. The recombinant host cell of claim 1 wherein the 
nucleic acid capable of expressing a formate dehydrogenase 
is endogenous. 

3. The recombinant host cell of claim 1 wherein the 
nucleic acid capable of expressing a formate dehydrogenase 
is both endogenous and recombinant. 

4. The recombinant host cell of claim 1 wherein said 
nucleic acids encoding PDH and FDH are DNA. 

5. The host cell of claim 1 which is Pichia sp. 
6. The host cell of claim 1 which is Pichia pastoris. 
7. Pichia pastoris ATCC 74408. 
8. Pichia pastoris ATCC 74433. 
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9. The host cell of claim 1 wherein said recombinant 
nucleic acid encoding formate dehydrogenase is from Can 
dida boidinii. 

10. The host cell of claim 1 wherein said recombinant 
nucleic acid encoding phenylalanine dehydrogenase is from 
a bacterium. 

11. The host cell of claim 10 wherein said recombinant 
nucleic acid encoding phenylalanine dehydrogenase is from 
Thermoactinomyces intermedius. 

12. The host cell of claim 11 wherein said Thermoacti 
nomyces intermedius is ATCC 33205. 

13. A composition comprising: 
(a) a recombinant bacterial host cell containing recombi 

nant nucleic acid from Thermoactinomyces intermediuS 
capable of expressing phenylalanine dehydrogenase, 
wherein said recombinant bacterial host cell is ATCC 
98374, and 

(b) a Source of formate dehydrogenase. 
14. Escherichia coli ATCC 98374. 


